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Summary 
 
Very recently, dietary fibre native to wholegrain cereals attracted considerable interest 
by consumers and researchers alike due to its demonstrated health attributes, such as lowering 
the blood cholesterol level and reducing the risk of heart disease. Wholegrain oat contains a 
variety of microconstituents, mainly dietary fibre, proteins, lipids and phytochemicals 
(phenolic compounds), which can be beneficial to human health. Because of these 
advantageous properties, food processors incorporate finely milled oat powder into 
commercial food formulations along with other commonly added ingredients namely as 
protein, sugar (sucrose) and vegetable oil. However, understanding how ultra-high 
temperature (UHT) processing and prolonged storage of up to 8 months at ambient 
temperatures (20 to 25°C) affect these microconstituents in food products is limited. 
Literature contains insufficient data of molecular interactions that can occur between 
oat microconstituents and various food ingredients following UHT treatment (120-145°C for 
very short time) as well as prolonged storage. Therefore, this PhD study aims to unveil the 
effect of UHT processing and prolonged storage on the bioactivity of oat microconstituents, 
and to investigate the nature of interactions occurring between these microconstituents and 
commonly added ingredients in model UHT beverages. This will be achieved by employing 
numerous analytical and physicochemical techniques, i.e. liquid- and gas-chromatography, 
Fourier transform infrared (FTIR), fluorescence, UV-vis and circular dichroism spectroscopy, 
particle size analysis, surface charge analysis, dynamic interfacial tension, molecular 
docking, and quantum energy calculations. 
In the first experimental chapter, the influence of UHT treatment (145°C for 8 s) and 
storage temperatures (22 and 40°C) on phenolic compounds (phenolic acids and 
avenanthramides), free fatty acids and volatile secondary lipid oxidation products in model 
oat-beverage formulations containing various concentration of oat powder were examined 
over 12 weeks. Ferulic acid, followed by p-coumaric acid, was found to be the most abundant 
phenolic acid in all beverage formulations containing oat. Major avenanthramides (namely A, 
B and C varities), free fatty acids (palmitic, linoleic and oleic), and volatiles (hexanal and 2-
pentyl furan) were also detected from chromatographic analysis. 
It was reported that following UHT treatment, the total phenolic content (TPC), 
phenolic acids (particularly p-coumaric and ferulic acids), free fatty acids and 
avenanthramides decreased. However, prolonged storage of the UHT-treated preparations at 
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ambient temperature had a positive effect on the content of TPC, phenolic acids, 
avenanthramides, free fatty acids and volatile compounds. In contrast, extended storage at the 
higher temperature of this study (40°C) decreased TPC and phenolic acid content; the levels 
of avenanthramides and volatiles increased with time. Overall, UHT treatment and storage 
conditions had a substantial effect on the composition of bioactive compounds in oat samples 
of industrial interest.  
The second experimental chapter examined the molecular interactions and bioactivity 
of added food ingredients in model oat-based beverages, following UHT processing, at 22°C 
and for a storage period of twelve weeks. Oat particle concentration of 5% (w/w), sucrose 
(6.7% w/w), vegetable oil (1.8% w/w) and skim milk powder (2.8% w/w), were utilised to 
create a number of model beverage formulations with commercial relevance. Results indicate 
that the insoluble dietary fibre of oat particles contains the majority of phenolic acids, with 
ferulic acid comprising the largest proportion followed by p-coumaric acid. Application of 
UHT processing decreased the content of individual phenolic acids (ferulic and p-coumaric 
acids).  
In contrast, the level of aforementioned chemical moieties increased with extended 
storage at 22°C following UHT processing. Among model beverages, those with added milk 
protein demonstrated a considerable loss of phenolic acids due to the interaction between 
these micronutrients and milk protein. The nature of molecular interactions was mainly 
categorised as covalent, with hydrogen bonds playing a supportive role. UHT processing of 
oat-based beverage formulations facilitated the formation of protein-phenolic acid complexes, 
which were largely covalent and thermodynamically static in nature. These findings 
underlined the ability of UHT processing to induce chemical intercations of food ingredients 
in complex liquid systems.  
The third experimental chapter examined the significance of UHT processing and 
storage conditions, at two temperatures (22 and 30°C) for twelve weeks, on the evolution of 
free fatty acids and lipid oxidation products from oat grains. Work was extended to molecular 
interactions with other added ingredients. In doing so, model liquid foods of industrial 
interest were designed utilising finely milled oat particles, skim milk powder, sucrose and 
vegetable oil. Three major free fatty acids, i.e. palmitic, oleic and linoleic acids were detected 
across the entire range of preparation. 
Processing and storage conditions led to the development of major lipid oxidation 
products i.e. 2-pentyl furan and hexanal. Storage temperature variation from 22 to 30°C had a 
minor effect on the composition of these microconstituents. However, twelve-week storage 
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exhibited an increase in the level of free fatty acids and secondary oxidation volatiles at both 
storage temperatures. Addition of milk protein reduced the detected content of free fatty acids 
and volatiles due to direct interactions among these materials. The molecular nature of the 
interaction between added milk protein and lipid components of oat grain is of importance for 
the organoleptic consistency of beverage product concepts. These were examined in some 
detail to reveal a strong covalent nature in the association between milk protein and free fatty 
acids.  
Given the preponderance of covalent interactions between added milk protein in 
formulations and microconstituents of oat grain, the fourth experimental chapter of this 
investigation was designed to obtain further insights into their molecular nature. 
Monodisperse materials were used, i.e. β-casein, which is a major milk protein, and p-
coumaric acid at the experimental temperature of 145°C, to identify the specific chemical 
moiety of the protein responsible for this type of interaction. Analysis focused on 
spectroscopic fluorescence quenching that provided the Stern-Volmer quenching constant 
(Ksv), the number of binding sites (n), binding constant (Kb), and the thermodynamic 
parameters of the free energy of heterotypic association.   
p-Coumaric acid complexation altered the secondary structure of the protein at the 
elevated temperature of our treatment by reducing the extent of α-helix and β-sheet 
conformation thus opening the protein structure to accommodate the ligand in close 
proximity. Molecular modelling revealed that the probable binding sites of p-coumaric acid 
are located in the hydrophobic domain of β-casein, where the p-coumaric acid moiety is 
further linked to the isoleucine27 residue via a hydrogen bonds (2.85 Å). Quantum energy 
calculations were performed to predict the covalently reacting amino-acid residue with the 
ligand, and it was concluded that lysine47 can potentially establish a covalent bond (1.50 Å) 
with p-coumaric acid following UHT processing. This is an entirely unexpected result, since 
the literature has been arguing mainly for non-covalent interactions between milk proteins 
and phenolic compounds at neutral pH and ambient temperature.    
 
  
 
 
 
4 
 
Chapter 1 
Background and Literature Review 
 
The aim of this chapter is to provide a comprehensive literature review on the materials used 
in this study (dietary fibres and milk proteins), possible interactions among food components 
including the nature of the interactions. In addition, the chapter reviews the effect of thermal 
processes on food macro- and micro-constituents including their associations. 
 
1. Dietary fibre 
 
The term dietary fibre is generally reserved for section of plants materials that can 
withstand absorption and digestion in the human digestive system, especially in small 
intestines. Examples of dietary fibre include polysaccharides, oligosaccharides and lignins. 
According to Meyer and Tungland (2001) they can also undergo a full or limited 
fermentation in colon. The functionalities of dietary fibre are influenced by factors such as 
surface area, particle size, hydration properties, solubility, viscosity and binding of ions and 
organic molecules. 
Particle size of fibre has an effect in regulating several activities happening in the 
human gastrointestinal system, i.e. faecal excretion, transit time and fermentation (Dhingra, 
Michael, Rajput, & Patil, 2012). Smaller fibre has been reported to improve the fruit fibre’s 
oil-holding, water-holding and swelling capacity, as well as its inhibitory effect towards 
enzymes in digestive tract (Chau, Wen, & Wang, 2006). The viscosities of beverages 
enriched with insoluble fibre have been reported to increase with increasing fibre’s particle 
size (Alqahtani et al., 2014). Fermentation of dietary fibre is also impacted by the porosity 
and surface area of fibre.  
Studies have recorded that dietary fibre’s hydration properties (swelling and water 
retention) affect its techno-functionality. For instance, high water retention of dietary fibre 
from orange peel has been documented to improve dough stability in biscuits (Nassar, AbdEl-
Hamied, & Al-Naggar, 2008). In addition, solubility and viscosity have a notable impact on 
fibre functionality. Viscous fibres can hinder the absorption of fatty acids and cholesterol 
from the gut (Staffolo, Bevilacqua, Rodríguez, & Albertengo, 2012).  
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Dietary fibres are categorised into two groups, i.e. insoluble dietary fibre (IDF) and 
soluble dietary fibre (SDF), depending on their capability to be dissolved in water. Various 
types of both classes of dietary fibre are briefly discussed in the following sections. 
 
1.1 Soluble dietary fibre (SDF) 
 
SDF is a group of dietary fibres that can be dissolved in water. This group of fibre 
increases the transit time in small intestine by forming a viscous or gel-like system. Such 
feature contributes to reduction in the rate of gastric emptying, lower blood levels of nutrients 
and alteration on the absorption of glucose. Pectin, xanthan gum and guar gum are examples 
of viscous SDF. Furthermore, some SDF can sequester bile salts and produce specific short-
chain fatty acids that are capable of influencing the levels of cholesterol and blood glucose 
(Meyer & Tungland, 2001). Fruits, legumes, vegetables, and grains are food sources of SDF. 
 
1.1.1 Carrageenan 
 
Carrageenan is a non-branching homo polysaccharides sourced from numerous varities 
of red-seaweed, especially Rhodophyceae. (1,3)-linked β-D-galactose and (1,4)-linked 3,6-
anhydro-α-D-galactose are the main structural units in carrageenans and these disaccharides 
units are sulphated. Based on the number of sulphate group for each disaccharide unit, three 
types of carrageenans exist, i.e. lambda (λ), iota (ι), and kappa (κ) carrageenans. κ 
carrageenans contains the least number of sulphate group, i.e. one, whereas ι- and λ-
carrageenans carry two and three sulphated groups (Cui, Wu, & Ding, 2013). 
 
Figure 1 Chemical structure of carrageenan (Izydorczyk, Cui, & Wang, 2005). 
 
Among all three carrageenans, only κ and ι-carrageenans are able to form gel. Such gels 
have a double helix arrangement which is supported by hydrogen bonds. Gels produced by κ-
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carrageenan are strong and brittle but they have poor freeze-thaw stability. In contrast, ι-
carrageenan gels are more stable against syneresis although they are soft and elastic. λ-
Carrageenan, as the non-gelling carrageenan, assumes a ribbon-like conformation in solutions 
due to the sulphate groups (Cui et al., 2013).  
This polysaccharide finds application in various industries, especially food industry, 
which accounts for 70-80% of the total usage of carrageenans. In food products, carrageenan 
provides structure and texture stability. The polymer improves moisture retention and 
mouthfeel of meat products. In dairy products, carrageenan is used to enhance mouthfeel and 
stabilise cocoa. In ice cream, ice crystal formation and whey separation can be inhibited by 
adding carrageenan in the formulations. Firm and brittle characteristics of κ–carrageenan is 
often used in water dessert gels and cake glazes. In the case of ι-carrageenan, its reversible-
gel features is utilised to suspend particulates in salad dressings (Blakemore & Harpell, 
2010).  
 
1.1.2 β-Glucan 
 
β-Glucan is the major structural part of cell walls of cereals like wheat, oat, barley and 
rye. Both barley and oat are exceptional sources of β-Glucan (Burkus & Temelli, 2000). In 
barley and oat grains, the polysaccharide is mainly located in the starchy endosperm, whereas 
subaleurone layer serves as the primary location of β-glucan in wheat grain. Figure 2 shows 
the basic structure of cereal β-glucans which consist of linear homopolysaccharides of D-
glucopyranosyl residues connected by two β-linkages (1→3 and 1→4) (Zhao, Wu, Li, & Liu, 
2015).  
 
Figure 2 Basic arrangement of β-glucan with 1→3 and 1→4 linkages (Havrlentová et al., 
2011). 
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Cereal β-glucans have a wide range of molecular weight (Mw) from 103 to 106 which is 
due to variations in genetic and growing conditions, as well as disparity in extraction and 
isolation procedures (Moschakis, Lazaridou, & Biliaderis, 2014). Oat β-glucans have been 
documented to have Mw values between 6.5x10
4
 and 3.1x10
6
. In rye, barley and wheat, 
studies have recorded β-glucan’s Mw values of 2.1x104–1.1x106, 3.1x104–2.7x106 and 
2.1x10
5–4.9x105, respectively (Lazaridou & Biliaderis, 2007). 
As a variety of soluble dietary fibre, β-glucans demonstrate physiological features like 
controlling the levels of blood glucose and decreasing the levels of blood serum cholesterol. 
These beneficial attributes are likely due to the viscous and gelling features of β-glucans, 
which reduces the rate of cholesterol and glucose absorption, and impedes the starch 
digestion in gastrointestinal tract (Kagimura, da Cunha, Barbosa, Dekker, & Malfatti, 2015). 
These viscous and gelling features are dependent on factors like concentration, molecular 
mass and structure (Zhao et al., 2015). A study by Kontogiorgos, Biliaderis, Kiosseoglou, and 
Doxastakis (2004) investigated the influence of the molecular mass of β-glucan in stabilizing 
egg-yolk based emulsions. The fibre with low molecular weight prevented the creaming in 
emulsions by forming a network in the continuous phase. By comparison, β-glucan with high 
molecular mass influenced the system stability by enhancing the consistency of the 
continuous phase. 
Incorporation of this soluble dietary fibre has been documented in diverse food 
products such as granola bars, cakes, pasta, salad dressings, muffins, beverages, dairy 
products and meat products. Oat β-glucan has been demonstrated to affect the hydration and 
water binding properties. Furthermore, the polysaccharide can improve the breadmaking 
performance in baked products (Havrlentová et al., 2011). 
 
1.1.3 Inulin 
 
Inulin is a type of fructan and can be categorised as either oligosaccharide or 
polysaccharide depending on its chain length. The backbone of inulin consists of β-D-
fructosyl subgroups connected by (2→1) glycosidic bonds with D-glucose residue situated at 
the end of the chain (Kelly, 2008; Ronkart et al., 2007). As shown in Figure 3, the backbone 
of inulin lacks any sugar ring, and as such makes this soluble fibre a unique oligosaccharide 
or polysaccharide (Mensink, Frijlink, van der Voort Maarschalk, & Hinrichs, 2015).  
 The physical and chemical characteristics of inulin are influenced by the degree of 
polymerisation (DP). Native or medium chain length inulin generally possess a mean DP of 
8 
 
about 10, whereas the short and long chain counterparts have average DP values of 4 and 23, 
respectively. The aqueous solubility of inulin generally increases with decreasing DP value. 
The properties of short chain inulin (oligofructose) is similar to those of other sugars, thus, it 
can improve the mouthfeel of food. The viscosity of inulin solutions typically increases with 
increasing DP value (Meyer, Bayarri, Tárrega, & Costell, 2011).  
 
Figure 3 Chemical structure of inulin (Mensink et al., 2015). 
 
Inulin is found abundantly in chicory root, but can also be synthesised using enzymes 
derived from bacteria such as Bacillus and Lactobacillus species (Anwar et al., 2010; Wada, 
Sugatani, Terada, Ohguchi, & Miwa, 2005). Examples of the fibre’s application in food 
products include dairy products, bakery products, cereals and meat products. The main 
technological use of this carbohydrate is to replace sugar and fat in food formulations, for 
instance, incorporation of inulin improves the mouthfeel of low-fat dairy products. In 
addition, inulin can be used as texture modifier due to its capability of increasing viscosity 
and forming a gel (Meyer et al., 2011). Besides food industry, utilisation of inulin can be 
found in pharmaceuticals (Eissens, Bolhuis, Hinrichs, & Frijlink, 2002) and pet feed (Van 
Loo, 2007) industries. 
 
1.1.4 Pectin 
 
Pectin is a homopolysaccharide with a compound structure and is widely present in 
plants, for instance, citrus peels and apple pomace. Figure 4 illustrates the major element in 
all pectin which is a homogalacturonan containing of (1-4) linked α-D-galacturonic acid. The 
sugar acid can undergo esterification with methanol. The remaining components of pectin 
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molecule include a galacturonan with distinct side chains and a rhamnogalacturonan, which 
comprises of arabinan, galantan and arabino-galactan side chains. Based on the degree of 
methyl esterification (DE), this polysaccharide can be sorted into two classes, high methoxyl 
(HM) and low methoxyl (LM) pectins (Belitz, Grosch, & Schieberle, 2009). 
LM pectins typically have DE values below 50 whereas HM pectins possess DE values 
between 55 and 75. LM and HM pectins are known to have distinct gelation behaviour. Gel 
formation of LM pectins relies on the existence of divalent cations like calcium (Capel, 
Nicolai, Durand, Boulenguer, & Langendorff, 2006). The binding of calcium ions with 
homogalacturonic regions is known as the “egg-box” model. LM pectins can form a gel 
across a broad range of pH, but an acidic condition is preferred over alkaline counterpart 
(Brejnholt, 2010).  
In contrast, gelation of HM pectins requires an acidic environment and high solids 
content.  pH values between 2.5 and 3.8 with total soluble solids between 55 and 85% are the 
favourable condition for HM pectin’s gelation. The gelation mechanisms involve pectin-
pectin interactions which are encouraged by a high level of soluble solids. Acidic condition 
lessens the dissociation of the COOH groups, hence, reducing electrostatic repulsion 
(Brejnholt, 2010). 
 
 
Figure 4 Basic structure of pectin (Belitz et al., 2009). 
 
This polymer is stable at pH range of 3.5 to 4.0, which is similar to the natural pH of 
fruit preserves. Such unique feature makes pectin a gelling agent of choice in jams. HM 
pectins are often utilised in food products where a firm texture is desired, for instance, high 
sugar jams and jellies. By comparison, LM pectins are the preferred pectin in low sugar jams. 
Besides as a gelling agent, pectin can be used as thickening and stabilising agents. HM 
pectins can be employed to stabilise protein dispersion in acidified and fermented dairy 
beverages. LM pectins are used to impart creaminess, mouthfeel and viscosity in yoghurt 
(Endreß & Christensen, 2009). 
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1.2 Insoluble dietary fibre (IDF) 
 
By definition, IDF is the fraction of dietary fibre that cannot be dissolved in cold/hot 
water. Hemicellulose, cellulose and lignin are the main components of IDF. In contrast to 
soluble dietary fibre, IDF precipitates in solutions and its water-binding feature is poor. In 
addition, IDF is partially fermented in large intestine as compared to SDF which is well 
fermented (Tungland & Meyer, 2002). Vegetables, cereal grains (wholegrain), woody plants 
are excellent sources of IDF (Staffolo et al., 2012). 
 
1.2.1 Cellulose 
 
In the cell walls of plants, cellulose is the predominant structural polymer. Among all 
polysaccharides, cellulose is the most bountiful with an estimated production of 100-1000 
billion metric tons annually. The polysaccharide can be found in wood pulp, cotton fibre, 
flax, green algae and fungi’s membranes (Coffey, Bell, & Henderson, 2006). Furthermore, 
food sources of cellulose include fruits, vegetables, corn stalks, sugarcane, oat straw and rye 
(Izydorczyk et al., 2005). 
The structure of this polymer constitutes of D-glucopyranosyl residues linked together 
with β (1-4) linkages in a linear arrangement, as shown in Figure 5 (Klemm, Heublein, Fink, 
& Bohn, 2005). The β (1-4) linkages contribute a linear and rigid structure for this polymer. 
Hydrogen bonds are the primary forces that stabilise cellulose structure and such forces 
produce a construction of linear aggregates. This contributes to the insolubility of the 
polysaccharide in solvents, especially water (Dhingra et al., 2012). 
Cellulose is commonly modified through either physical or chemical processes in order 
to be utilised in food systems. Examples of the modified celluloses typically used in foods are 
microcrystalline cellulose, carboxymethylcellulose, and methylcellulose. Production of 
microcrystalline cellulose or MCC is achieved through an application of hydrochloric acid on 
cellulose in order to remove or dissolve the amorphous regions. MCC comes in various 
forms, e.g. bulk-dried colloidal, powdered, and spray-dried colloidal (with 
carboxymethylcellulose) (Coffey et al., 2006). Dispersions of MCC have been documented to 
display a thixotropic behaviour and in some cases, a pseudoplastic pattern (Brownsey & 
Redout, 1985). The polymer is commonly utilised as a fat replacer in emulsions, a bulking 
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agent, and a suspending agent for particles. Furthermore, addition of MCC in chocolate 
beverages increases their creaminess (Izydorczyk et al., 2005).  
Application of alkali on cellulose followed by monochloroacetic acid produces a 
cellulose derivative known as carboxymethylcellulose or CMC. This polymer is soluble in 
water but its solubility is affected by pH: a low pH renders CMC to be insoluble whereas a 
high pH enhances its solubility.  Similar to MCC, solutions of CMC can exhibit either a 
pseudoplastic or thixotropic pattern depending on the molecular mass, degree of substitution 
along with pattern of substitution, and degree of polymerisation (DP). Moreover, this 
polymer can form a gel with the help of trivalent metal ions, e.g. aluminum (Izydorczyk et 
al., 2005). CMC finds application in jellies, cake fillings, salad dressings, spreadable cheese 
and icings as a thickening agent. It also impedes the growth of ice crystal in ice creams, thus, 
improving the softness and smoothness of the foodstuffs (Belitz et al., 2009). CMC, in 
combination with pectin, has been used to stabilise milk-jujuba beverages as well as 
improving their sensory attributes (Karimi, Sani, & Pourahmad, 2016).  
Methylcellulose (MC) is obtained through an application of methyl chloride in alkali 
cellulose. This cellulose derivative has two unique characteristics, which are inverse 
temperature solubility and thermal gelation features. At high temperatures, MC is able to 
form a gel due to hydrophobic interactions between the methyl groups in MC (Izydorczyk et 
al., 2005). This cellulose ether is also an excellent emulsifier, particularly for sub-micron 
emulsions, owing to its hydrophobic and hydrophilic groups (Floury, Desrumaux, Axelos, & 
Legrand, 2003).  MC is widely used in food packaging due to its superb film forming 
attributes (Noronha, de Carvalho, Lino, & Barreto, 2014).  In addition, it has been 
demonstrated that an inclusion of MC coating reduces oil absorption in fried potato chips 
(Tavera‐Quiroz, Urriza, Pinotti, & Bertola, 2012).  
 
 
 
Figure 5 Structure of cellulose molecule (Hon, 1994). 
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1.2.2 Hemicellulose 
 
Hemicellulose is a collection of diverse polysaccharides which include mannans, 
galactomannans, xyloglucans, glucomannans, arabinoxylans, β-D-glucans and 
arabinogalactans (Izydorczyk et al., 2005). In general, the backbone of hemicellulose consist 
of glucose units joined with β(1→4) glucosidic linkages (Dhingra et al., 2012). These 
polysaccharides are typically entangled or bonded with cellulose and lignin. Furthermore, 
they are branched, smaller in size, and have different composition of sugar units compared to 
cellulose (Spiridon & Popa, 2005). 
Majority of hemicellulose is soluble in water, only some hemicelluloses, such as 
arabinoxylans (that are water insoluble) and glucomannans, are considered as insoluble 
dietary fibre. Arabinoxylans are the predominant element of non-starch polysaccharides in 
cereal grains. Brans of various cereals like wheat, barley, oat and rye are good sources of 
arabinoxylans (Wang, Sun, Liu, & Zhang, 2014).  The backbone of this polymer is D-xylans 
with (1→4)-β-D-xylopyranoses units. The most common side branches are 4-O-methyl-D-
glucopyranosyl uronic acid and α-L-Araf connected to O-2 and O-3, respectively, of β-Xylp 
units (Figure 6) (Izydorczyk et al., 2005). Some arabinose units may have phenolic groups, 
particularly ferulic acid, esterified at the O-5 position (Sibakov, Lehtinen, & Poutanen, 2013).  
Majority of arabinoxylans are unextractable with water due to an entanglement or 
bonding with other cell wall materials, hence, alkaline media is required to extract these 
polysaccharides from cereal brans (Sun, Cui, Gu, & Zhang, 2011). These polysaccharides are 
utilised as thickeners, stabilisers, and emulsifiers in food industry (Spiridon & Popa, 2005). 
Bakery industry constitutes as the primary application for arabinoxylans. 
 
 
Figure 6 Partial structure of arabinoxylans (Izydorczyk et al., 2005). 
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1.2.3 Lignin 
 
Lignin is situated in the plant’s secondary cell wall and pectin layer; they are low 
molecular weight non-polysaccharides polymer having no defined unit structure. Wood, pulp, 
paper, and cereal straws are some examples of plants that serve as excellent sources of lignin. 
Moreover, its concentration in woody plants is quite high, around 30-40%, while other plants 
generally only possess 3-24% lignin (Smolarski, 2012). The polymer provides strength and 
structure to the plants’ cell wall (Belitz et al., 2009).  
 As a consequence of the complexity of the lignins’ system and inadequacy of 
appropriate analytical methods to characterise them, the structure and the degree of 
polymerisation of lignins are still not completely understood (Crestini, Melone, Sette, & 
Saladino, 2011). However, in general, the basic lignin structure contains guaiacyl unit (PG), 
hydroxyphenyl unit (PH), and syringyl unit (PS) as shown in Figure 7 (Ralph et al., 2004). 
These units are constructed from three monomers, coniferyl alcohol, coumaryl alcohol, and 
sinapyl alcohol, which are considered as the primary building blocks of the polymer (Calvo-
Flores, Mart n-Mart nez, Garcia, & Dobado  im nez, 2015). 
 According to the abundance of the phenol units, lignin can be classified into four 
types: G, G-S, H-G-S, and H-G. Lignin in softwood is considered as type G since it mostly 
composed of coniferyl alcohol, whereas lignin in hardwood is a type G-S due to the presence 
of two units, i.e. sinapyl and coniferyl alcohols. Example of type H-G-S is lignin from 
grasses and herbaceous crops (Calvo-Flores et al., 2015). 
 Direct application of lignin is as a fuel for paper industry, residential heating and 
powering production. Several studies have also shown that the polymer is capable of 
scavenging super-oxide and hydroxyl radicals, hence, it is considered as efficient antioxidants 
(Dizhbite, Telysheva, Jurkjane, & Viesturs, 2004; Gadioli, Waldman, & De Paoli, 2016; 
Gregorova, Koš ková, & Staško, 2007). Lignin has been documented to display a similar 
level of antioxidant capability to that shown by epicatechin (Ugartondo, Mitjans, & 
Vinardell, 2008). In addition, the material possesses antiviral, antitumor anti anticarcinogenic 
activities. The antioxidant and antibacterial attributes makes lignin a useful additives for 
livestock feed (Calvo-Flores et al., 2015). 
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Figure 7 Basic lignin units (Ralph et al., 2004). 
 
2 Oat as a source of dietary fibre 
 
Oat is one of the most versatile crops and is mainly utilised as a livestock feed for 
cattle, horses and sheep. In the last two decades, utilisation of oat grain in food products has 
increased substantially due to its health benefits. Other uses of oat range from cosmetics, 
shampoos, lotions to cardboard products (Marshall et al., 2013). 
The primary macroconstituent of oat is carbohydrate, i.e. starch, which can vary from 
65 to 85% in dry weight basis (Zwer, 2010). It is located primary in the endosperm. Oat 
starch possesses atypical features such as well-developed granule surface, high lipid content 
and small size of granule, as compared other cereal starches (Hoover, Smith, Zhou, & 
Ratnayake, 2003).  
The second major constituent of oat is protein which ranges from 15 to 20% in oat 
groat (Mirmoghtadaie, Kadivar, & Shahedi, 2009). Albumins, globulins, glutelins, and 
prolamins are four groups of storage proteins present in oat grain, with globulins being the 
most abundant (52-75% of the whole storage protein) (Peterson & Brinegar, 1986). The 
composition of amino acid is different in each storage protein, thus, influencing the 
nutritional quality of the storage protein. The protein quality in oat is superior to other cereals 
owing to amino acid balance. Globulins have a high level of lysine (3.2-5.2% of the total 
protein), which is the most limiting amino acid in cereal grains. In other cereals the major 
storage protein is prolamin, which is rich in glutamine but low in lysine. Therefore, oat 
protein has a better nutritional characteristic than wheat and barley due to high level of lysine 
(Zwer, 2010). 
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Oat also has a higher lipid level, i.e. 5-9%, than other cereal grains. A large fraction of 
oat lipids are unsaturated, hence, they are susceptible hydrolytic and oxidative degradation 
(Tsopmo, 2015). The bulk of oat lipids are found in the endosperm and bran of oat kernel. 
High lipid content in oat is considered as an undesirable trait since it can contribute to 
adverse flavours. This is due to the release of enzyme lipase, following thermal processing, 
which then produce free fatty acids that serves as a precursor for rancidity (Zwer, 2010). As 
per Zhou, Robards, Glennie-Holmes, and Helliwell (1999) such enzyme can be inactivated 
through steam heating at a temperature and at a moisture content above 90°C and 12%, 
respectively. 
Among cereal grains, oat is a superb source of dietary fibre having about 13 to 30% 
total dietary fibre. Around 45% of oat dietary fibre is insoluble with the remainder being a 
soluble fraction. β-Glucan serves as the predominant form of soluble dietary fibre in oat and 
its concentration in oat ranges from 3 to 7%. By comparison, arabinoxylans and cellulose are 
the major form of the insoluble fibre in oat (Singh, De, & Belkheir, 2013). 
Besides these macromolecules, oat grains possess various microconstituents, e.g. 
avenanthramides, phenolic acids, vitamin E and free fatty acids that determine the bio- and 
techno-functionality of oat. These are reviewed in the following sections. 
 
2.1 Avenanthramides 
 
Avenanthramides represents a category of phenolics that belongs exclusively to oat. 
These phenolic amides are located in oat hulls and groats (Collins, 1989). These soluble 
compounds constitutes of hydroxyanthranilic acid and hydroxycinnamic acid amides. There 
are more than 20 avenanthramides found in oat with different phenolic conjugates and 
anthranilic acid derivatives. Figure 8 shows the structure of five main avenanthramides, i.e. 
A-E. Avenanthramides A, B, and C are derived from 5-hydroxyanthranilic acid, whereas the 
remainder are derived from anthranilic acid (Collins & Mullin, 1988). According to 
Molteberg, Solheim, Dimberg, and Frølich (1996) the fresh and natural aroma of oat is 
significantly correlated to the presence of avenanthramides A, B and C. 
Recently, a group of  apanese researchers characterised the structure of new 
avenanthramides in oat seeds. Ishihara, Kojima, Fujita, Yamamoto, and Nakajima (2014) 
documented three avenanthramides from the methanolic extracts of oat seeds. They are 
indicated to be the amides of 4,5-dihydroxyanthranilic acid with ferulic, caffeic and p-
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coumaric acids. These new avenanthramides displayed a stronger antioxidant activity that the 
avenanthramides derived from 5-hydroxyanthranilic acid with matching phenolics. 
The content of avenanthramides in oat grains varies from 2 to 300 mg/kg (Yang, Ou, 
Wise, & Chu, 2014) due to the disparity in the genotype and growing conditions. Dimberg, 
Molteberg, Solheim, and Frølich (1996) investigated three cultivars of oat, Mustang, Svea 
and Kapp and found that the amount of avenanthramide A in Mustang was above 43 mg/kg, 
whereas the remainder had a similar level of avenanthramide A, around 20 mg/kg. 
Furthermore, the oat groats have been recorded to contain higher concentrations of 
avenanthramides A, B and C than oat hulls (Peterson, 2001). 
Numerous works showed that avenanthramides were much stronger antioxidant (ten to 
thirty times) than phenolics in oat such as caffeic acid and vanillin acid (Li et al., 2017; Chu 
et al., 2013). Hitayezu, Baakdah, Kinnin, Henderson, and Tsopmo (2015) proposed that 
avenanthramides were the leading antioxidants in milled oat fractions. Yang, Ou, et al. (2014) 
examined the in vitro total antioxidant capacity of three main avenanthramides, i.e.2c, 2f and 
2p, which corresponded to avenanthramides C, B and A in Figure 8. Among the three 
avenanthramides, 2c was found to have the highest antioxidant capacity. In addition, 
avenanthramides demonstrate a potent anti-inflammatory activity. Sur, Nigam, Grote, Liebel, 
and Southall (2008) implied that application of 1 to 3 ppm of avenanthramides was sufficient 
in reducing itchiness and inflammation in atopic dermatitis and eczema.  
 
Figure 8 Structures of major avenanthramides (Peterson, 2001). 
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2.2 Phenolic acids 
 
Phenolic acids are predominantly concentrated in the oat grains’ outer layer (Boz, 
2015). They generally occur as either hydroxycinnamic or hydroxybenzoic acids, with the 
former occurs more common than the latter (Mattila, Pihlava, & Hellstrom, 2005). Caffeic, p-
coumaric, sinapic, and ferulic acids are examples of hydroxycinnamic acids, whereas gallic, 
syringic, vanillic, p-hydroxybenzoic, and protocatechuic acids belong to hydroxybenzoic 
acids (Figure 9).  
Ferulic acid has been documented as the primary phenolic acid in various cereal 
grains, including oat (Guo & Beta, 2013). Other phenolic acids exist in oat include vanillic, 
veratric, o-coumaric, p-hydroxyphenylacetic, caffeic, protocatechuic, syringic, p-coumaric, p-
hydroxybenzoic, sinapic, and p-phenyllactic acids (Zadernowski, Nowak-Polakowska, & 
Rashed, 1999; Durkee & Thivierge, 1977; Sosulski, Krygier, & Hogge, 1982). 
The composition of phenolic acids in oat depends on growing location and genotype. 
Dokuyucu, Peterson, and Akkaya (2003) reported that all Turkish oat cultivars contained a 
substantially higher level of ferulic acid than the oat cultivar grown in USA. The former had 
a ferulic acid ranged from 5.3 to 6.5 mg/kg, while the latter had an average of 4.3 mg/kg. The 
influence of oat genotype in the amount of phenolic acids was evident in the work of 
Dimberg et al. (1996).  The authors analysed three oat cultivars, i.e. Kapp, Mustang and Svea, 
and found significantly higher concentrations of p-coumaric, ferulic and vanillic acids in 
Kapp cultivars compared to that of Mustang and Svea cultivars. 
It is widely acknowledged that most phenolic acids in cereals, including oat, are located 
in the insoluble dietary fibre. Guo and Beta (2013) found that the levels of phenolic in the 
insoluble fraction of oat dietary fibre were four times greater than in the soluble counterpart. 
They argued that phenolic acids, particularly ferulic acid, were esterified to the grain’s cell 
wall materials (arabinoxylans and lignins) and such materials were plentiful in the insoluble 
dietary fibre fraction. These results also implied that most phenolics occurred in bound form 
which were in agreement with the results recorded by Irakli, Samanidou, Biliaderis, and 
Papadoyannis (2012).  
Oat phenolic compounds, including phenolic acids, are known to impart the grain’s 
antioxidant activity (Peterson, 2001; Tong et al., 2014). The mechanisms of phenolic acids 
behaving as antioxidants include metal chelation, free radical scavenging and protein binding 
(Amorati, Pedulli, Cabrini, Zambonin, & Landi, 2006). Besides antioxidant, phenolic acids 
possess prooxidants property which involves their ferric reducing capability (Maurya & 
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Devasagayam, 2010). In addition, ferulic acid has the ability to inhibit lipid peroxidation 
because the carboxylic acid group in the phenolic can bind to the lipid bilayer (Kanaski, 
Aksenova, Stoyanova, & Butterfield, 2002). p-Coumaric acid is known to have anti-
inflammatory and anti-microbial properties along with protective effect against colon cancer 
and heart diseases (Boz, 2015). 
A number of factors, e.g. processing and enzyme activity, can induce changes in 
phenolic acids (Nayak, Liu, & Tang, 2015). For example, thermal processing may induce 
decarboxylation of ferulic acid, yielding p-vinyl guaiacol (PVG). This volatile phenol is an 
aroma-active compound with a distinctive clove-like flavour, which is typically 
unappreciated in many foods (Jiang & Peterson, 2010; Klimczak & Malecka, 2011). Another 
aroma compound, i.e. vanillin, can be derived from the degradation of PVG. Moreover, 
degradation of caffeic acid has been shown to generate catechol and 4-ethylcatechol (Jiang & 
Peterson, 2010), whereas p-coumaric acid may degrade into p-hydroxybenzaldehyde (Boz, 
2015). 
 
 
Figure 9 Chemical structures of major cinnamic and benzoic acid derivatives (Mattila et al., 
2005). 
 
2.3 Tocols 
 
Tocols, or widely known as Vitamin E, are compounds with a variety of bioactivity and 
they are soluble in lipid. These lipophilic compounds are associated with the lipid fractions of 
oat indicating the functionality of tocols as antioxidant in protecting oat lipids from oxidation 
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(White, Fisk, & Gray, 2006). They can also reduce the concentrations of serum cholesterol 
and impede the development of several cancer cells (Peterson & Qureshi, 1993). 
These compounds can be subdivided into two classes, namely tocopherols (TP) and 
tocotrienols (TT), with each class having four distinct forms (α, β, γ, and δ). Differences in 
these forms are attributed to the position and quantity of methyl groups as shown in Figure 
10. TT acts as the primary form of tocols in oat, and the compound is located in the whole 
seeds and endosperm of the cereal. In contrast, TP is found in high concentrations in the 
embryos of oat seeds (Gutierrez-Gonzalez, Wise, & Garvin, 2013). 
Oats contain tocols in the vicinity of 20 to 30 mg/kg which is higher than other cereal 
grains, except barley which has 42-80 mg/kg of tocols (Peterson & Qureshi, 1993). α-
Homologues of TT and TP make up 43 and 18% of oat oil and the remainder tocol forms (β-, 
γ-, and δ-homologues of TT and TP) ranges from 1.4 to 9.1% (Lehtinen & Kaukovirta-Norja, 
2011). The activity of Vitamin E differs among tocol forms with α-homologue of TP exerting 
the greatest vitamin E activity followed by βTP, αTT, γTP, βTT, and δTP in descending order 
(Panfili, Fratianni, Criscio, & Marconi, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Structural isomers of tocotrienols and tocopherols (Qureshi et al., 2011) 
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2.4 Free fatty acids 
 
Main portion of oat lipids (86-90%) has been reported to reside in the endosperm of oat 
kernel (Banaś et al., 2007). It is understood that the bulk of oat lipids, i.e. >80% of total 
lipids, occur in free form, while the remaining fraction is tightly bound to other 
macromolecules. For instance, around 1-3% of bound lipids have been documented to form 
complexes with oat starches  (Lampi et al., 2015).  
Cereal lipids, including oat, can be fractionated into several classes: triacylglycerols 
(TAG), phospholipids, glycolipids, and sterol esters. The first three classes are termed as 
neutral lipids, whereas phospholipids and glycolipids are termed as polar lipids (Zhou et al., 
1999). TAG is the major lipid class and ranges between 60 and 80% of the total lipids. Polar 
lipids are the second most abundant lipids, accounting for 10-20% of the total lipids. The 
remaining classes are considered as minor fractions which make up less than 10% of the total 
lipids (Leonova et al., 2008). 
Despite being a minor fraction, FFA composition in oat is imperative from nutritional 
and technological aspects. For instance, linolenic and linoleic acids, also known as omega-3 
and omega-6 respectively, are essential fatty acids for human well-being (Becker, 2008). 
Palmitic acid has been shown to reduce lipid peroxidation, thus, improving oil’s stability 
(Thro, Frey, & Hammond, 1983). Various fatty acids have been found in oat grains, for 
example, caproic (C6:0), palmitic (C16:0), palmitoleic (C16:1), myristic (C14:0), 
heptadecenoic (C17:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic (C18:3), and 
arachidic (C20:0) acids. The prevalent FFA is linoleic, oleic and palmitic acids making up 
91% of the total FFA (Martinez, Arelovich, & Wehrhahne, 2010). Among the three major 
FFA, the levels of unsaturated moieties (oleic and linoleic acids) are generally higher (>80% 
of entire FFA) than the saturated counterpart (palmitic acid) (Sterna, Zute, & Brunava, 2016). 
Figure 11 shows the chemical structure of oleic and linoleic acids. 
As a consequence of having a high level of polyunsaturated fatty acids, development of 
oat based foods are often hindered with rancidity. Such adverse flavour is corelated with the 
development of lipid oxidation products, which is initiated by the activation of enzyme lipase 
in oat grain. Enzyme lipase can be inactivated by thermal treatment, such as steaming at 99-
104°C (Tsopmo, 2015). Nevertheless, factors like high moisture level and oxygen content as 
well as elevated storage temperature can advance the rancidity development (Molteberg et al., 
1996). The lipase enzyme accelerates hydrolytic release of FFAs from TAG. Enzymes 
lipoxygenase and lipoperoxidase then oxidise FFA into lipid hydroperoxides, which are the 
21 
 
forerunners of volatiles secondary lipid-oxidation products (Decker, Elias, & McClements, 
2010). 
Heiniö, Lehtinen, Oksman-Caldentey, and Poutanen (2002) found nine volatiles in 
native and heat-treated oats as follow: pentanal, hexanal, 2-heptanone, heptanal, 2-ethylfuran, 
pentylfruran, n-butylfuran, 1-hexanol and 1-pentanol. These compounds belong to distinct 
groups of compound, such as aldehydes, alcohols, ketones and furans. In addition, presence 
of other volatile compounds like octanal, nonanal, decanal, 2-nonanone, 1-octanol and 1-
nonanol have been detected in oat flakes (Klensporf &  eleń, 2008). The study implied that 
carbonyl compounds (aldehydes and ketones) made up the bulk of volatiles in oat flakes, with 
hexanal being the most abundant component. 
Hexanal is the result of the autoxidation of linoleic acid via cleavage of 13-
hydroxyperoxides (Lehtinen & Laakso, 2004). The compound is commonly employed as an 
indicator of oxidative-rancidity and possesses a low aroma threshold. For example, Belitz et 
al. (2009) reported a value of 4.5 μg/L as the odour threshold of hexanal in water. 
Nonetheless, according to Sides, Robards, Helliwell, and An (2001) the absolute presence of 
hexanal in oats was not a suitable indicator of rancid aroma since some oat-products 
containing the volatile possessed an acceptable flavour. Hence, it was suggested that the 
change in the hexanal concentration was more an appropriate indicator to measure the 
rancidity in oat based foods. 
 
 
Figure 11 Structure of oleic acid (left) and linoleic acid (right) (Waraho, McClements, & 
Decker, 2011). 
 
3 Milk proteins 
 
Milk is a remarkably complex system comprising lactose, lipids, proteins, water and 
other minor constituents (e.g. vitamins and minerals). The levels of the major constituents 
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vary significantly among animal species as follows: water, 63–87%; lactose, 0-10%; lipids, 2-
55%; proteins, 1-20%. Bovine milk is the most common source of dairy foods, and generally 
composes of 4.6% lactose, 3.9% fat, and 3.2% proteins. The proteins are categorised into four 
groups, i.e. caseins, whey proteins, proteose peptones and non-protein nitrogen, with caseins 
and whey proteins serve as the leading proteins (Fox, 2008) and as such are reviewed in the 
following sections. 
 
3.1 Caseins 
 
Caseins are described as fraction of proteins that is not soluble at pH 4.6, and they form 
a major portion of bovine milk protein, around 80% (Farkye & Shah, 2015). Such proteins 
are phosphorylated and have a high content of proline. This high level of proline, which is a 
structure-breaking amino acid, is the source of caseins inability to form stable structures. 
Furthermore, the sulphur content in caseins is low, i.e. 0.8%. The proteins typically occur as 
micelles or complex aggregates, which are spherical in shape. The size and molecular weight 
of casein micelles vary from 50 to 500 nm in diameter and from 10
6
 to 10
9
 Da, respectively. 
Casein micelles are capable of scattering significant amounts of light, hence, causing milk to 
have a white colour. The proteins possess superb heat stability as a result of the scarcity of 
stable secondary and tertiary structures (Fox, 2008).  
Caseins can be sorted into four fractions, i.e. αs1-, αs2-, β-, and κ-caseins. αs1-Casein 
molecule, having a molecular mass of 23 kDa, contains 199 amino acids. The peptide chain 
of the casein contains 8 phosphoserine residues and no cysteine reside. The molecule also has 
proline residues that are randomly allocated along the chain and as such inhibits the 
formation of secondary protein. This fraction of casein represents around 43% of the total 
casein in milk (Belitz et al., 2009).  
αs2-Casein comprises of 207 amino acids with 2 cysteine and 11 phosphoserine 
residues. It also has a molecular mass of 25 kDa and represents approximately 10% of total 
casein in cow milk. This casein fraction is more vulnerable to calcium precipitation than αs1-
casein and can form strong complexes with calcium (Farkye & Shah, 2015). Of all casein 
fractions, this protein is the most hydrophilic (Swaisgood, 2003). 
β-Casein makes up approximately 35% of whole bovine casein and this fraction has the 
most amino acids, i.e. 209, among all caseins. Similar to αs1-casein, β-casein has no cysteine 
residue, but it possesses 5 phosphoserine and 35 proline residues. It is also regarded as the 
most hydrophobic casein (Belitz et al., 2009). β-Casein molecule has both hydrophilic and 
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hydrophobic ends, thus, it is considered as an amphipathic protein.  In the presence of 
calcium ions, the protein commonly precipitates, but it can be fully soluble when the 
temperature is between 0 and 5°C (Horne, 2008).  
Among all casein fractions, κ-casein has the lowest amino acid residues and molecular 
weight, i.e. 169 and 19 kDa, respectively. It composes 15% of whole bovine caseins (Fox, 
2008). In contrast to other casein fractions, κ-casein only has one phosphoserine group and is 
remarkably soluble when calcium ions are present. In addition, the monomer has 2 cysteine 
residues. One of the most notable features of κ-casein is its ability to interact with αs- and β-
caseins, and impede their coagulation when calcium ions are in the proximity. The 
aforementioned property is essential to form stable casein micelles and complexes (Belitz et 
al., 2009). In addition, the C-terminal end of κ-casein chain is rich with hydrophilic amino 
acids and protrudes 5-10 nm from the micelle surface. This so-called hairy layer is important 
for the steric stabilisation of the micelle (de Kruif & Holt, 2003). 
In general, all caseins have substantial amounts of hydrophobic amino acids, with large 
hydrophobic blocks being found in β- and κ-caseins (Swaisgood, 2003). None of the casein 
fractions shows a large amount of secondary structure or well-defined tertiary structure. The 
term “rheomorphic” (de Kruif & Holt, 2003) or “natively disordered” (Gaspar, Appavou, 
Busch, Unruh, & Doster, 2008) has been utilised to describe caseins. Such term implies that 
the proteins possess an open conformation, thus, can adjust their structures to fit the 
conditions.  
Casein micelles are formed through the interaction of the highly phosphorylated αs- and 
β-caseins followed by aggregation with calcium phosphate as displayed in Figure 12. The 
micelles’ dimension is governed by the κ-casein attached to their surface. It has been 
suggested that the bulk of κ-casein is found on the exterior of casein micelle, whereas β-
casein is primarily located in the interior of the micelle (Dalgleish, 2011).  
It is noted that environmental factors markedly alter the physicochemical properties of 
caseins. For example, reducing the temperature of milk to 4°C (at its natural pH) causes some 
β-caseins (~60%) to disassociate from the micelles. However, above 4°C, the protein 
undergoes cooperative self-association (Swaisgood, 2003). The aforementioned process 
indicates that β-casein is perhaps held in the micelle through hydrophobic associations. In 
contrast, such temperature-dependent association is not observed in αs-caseins due to the 
absence of large hydrophobic blocks (Dalgleish, 2011). Besides hydrophobic interactions, 
calcium bridging, hydrogen bonds and van der Waals help in maintaining stable casein 
micelles during cooling.  
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Figure 12 Illustration of casein micelle showing aggregation of αs- and β-caseins (red) 
with calcium phosphate (grey). The κ-casein is shown in green whereas mobile β-casein is 
represented with blue (Dalgleish, 2011). 
 
3.2 Whey proteins 
 
Whey proteins represent the soluble part of cow proteins that are retained following 
acid precipitation of caseins, and they are regarded as globular proteins. Bovine milk contains 
~0.7% whey proteins, and this accounts for 20% of whole milk proteins. This fraction of milk 
proteins composes of 4 major components, i.e. β-lactoglobulin, α-lactalbumin, 
immunoglobulin, and serum albumin. β-Lactoglobulin (β-Lg) serves as the most plentiful 
whey protein accounting for 58% of total whey proteins. β-Lg owns 162 amino acids and a 
molecular mass of 18 kDa. Two disulfide bonds, one free sulfhydryl group, five cysteine 
residues and an absence of phosphorus are features of β-Lg. The protein has an isoelectric 
point (pI) of 5.3, and it exists as a dimer at pH 6.8, which is the normal pH of milk. Monomer 
of β-Lg can occur at pH below 3.5 or above 7.5, whereas an octamer is formed around its pI. 
At an extreme alkaline environment, i.e. pH >8.6, the protein undergoes irreversible 
denaturation (Farkye & Shah, 2015). Figure 13 demonstrates the three-dimensional structure 
of β-Lg showing a compact structure with 9 strands of β structure and single α-helix (Kilara 
& Vaghela, 2004).  
The second main protein in whey is α-lactalbumin (α-La) which accounts for 13% of 
the entire whey proteins. It composes of 123 amino acid residues with a mass of 14 kDa and a 
pI ranges from 4.2 to 4.5. This protein does not possess a free sulfhydryl group as opposed to 
β-Lg, but it has more disulphide bonds (i.e. 4) than β-Lg. Furthermore, α-La has a high 
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affinity for calcium binding but its affinity decreases below pH 5. Presence of calcium helps 
in maintaining a stable α-La structure against heat induced denaturation (Guyomarc’h et al., 
2015) because of the formation of ionic bonds between calcium ions and α-La. Such bonds 
promote the protein molecule’s resistance to thermal unfolding. The tertiary structure of α-La 
is shown in Figure 13 and it displays a greater flexibility than β-Lg due to a lower content of 
organised secondary structure: 9% β-sheets and 30% α-helix (Cayot & Lorient, 1997). 
Bovine serum albumin (BSA) is a large protein possessing 582 amino acids with a 
molecular mass of 66 kDa.  The protein has a similar pI to α-La, i.e. 4.9. A particular feature 
of this protein is the large number of disulphide bonds, i.e. 17., with single free thiol group 
situated at position 34. It is noted that BSA represents only around 5% of whole whey 
proteins and as such has minor impact on the physicochemical characteristics of bovine 
proteins (Fox, 2003). Nevertheless, BSA can behave as a transporter of non polar molecules 
like fatty acids (Farkye & Shah, 2015). 
Immunoglobulins (Igs) is the third major protein in whey which comprises 15% of total 
whey proteins. The molecule has more than 1000 amino acids and a molar mass ranging from 
150 to 1000 kDa. These proteins possess antibodies that can offer protection against 
microbial infections (Cayot & Lorient, 1997).   
Whey proteins find application in diverse food products, for example, ice creams, meat 
products, sauces, soups, breakfast cereals, cheeses, yoghurts and confectionary products. 
Gelation, emulsifying and foaming properties are examples of whey proteins’ structural 
characteristics commonly used in food formulations. Factors such as temperature, pH, or 
presence of salt are understood to impact the functionalities of whey proteins.  
Heat treatment of whey proteins at temperatures above 60°C and at neutral pH causes 
the proteins, particularly β-Lg, to denature and form aggregates. The denaturation process 
unfolds the buried hydrophobic amino acid residues, hence, promoting the reactivity of the 
residues. The subsequent aggregation, which is irreversible, involves hydrophobic and thiol-
disulfide interactions (Singh & Havea, 2003). These unfolding and aggregation processes 
then lead to a gel formation.  
In addition, pH is essential in the thermal gelation of whey proteins. Katopo, Kasapis, 
and Hemar (2012) found an inverse association between pH values and the denaturation 
temperature of whey proteins. They also implied that an acidic medium produced protein gels 
with smaller and finer structural knots than that in an alkaline counterpart. In another study, 
clear, strong and viscoelastic gels were formed in acidic and alkaline environment, while 
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cloudy and weak gels were produced at the pH value where the protein molecule had a net 
neutral charge (Cayot & Lorient, 1997). 
Whey proteins can reduce the interface tension between non-miscible oil and water, and 
produce a thin film surrounding the oil droplets (Dickinson, 2003). Purified whey proteins, in 
particular purified β-Lg, are a more efficient surfactant than commercial counterparts (e.g. 
whey protein concentrates or WPC) (Farkye & Shah, 2015). The commercial WPC powders 
are generally heated during preparation which causes protein denaturation and decrease in 
solubility. The aforementioned process hampers the emulsifying attributes of the 
macromolecules. Besides surfactants, these proteins are exceptional foaming agents 
(Guyomarc’h et al., 2015).  
 
  
Figure 13 Structure of β-lactoglobulin (left) and α-lactalbumin (right) (Kilara & Vaghela, 
2004).                
 
4 Interactions between protein and bioactive compounds 
 
Development of food products typically involves various food ingredients, such as 
protein, starch, sugars, lipids, and dietary fibres, and these macromolecules can form 
interactions among themselves as well as with bioactive compounds. The aforementioned 
process may yield changes in the physicochemical attributes of the components. The 
following sections focus on the interactions between milk protein, as one of the widely used 
food ingredient, and bioactive compounds. 
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4.1 Interactions between protein and phenolic compounds 
 
In recent years, studies on protein-phenolic interactions are increasing considerably due 
to the impact such interactions pose on the functional, organoleptic and nutritional properties 
of the food systems concerned. Such cooperative actions are understood to alter the proteins’ 
physicochemical features like thermal stability, solubility and digestibility. In the case of 
phenolics, the complexes are noted to influence the levels of phenolic compounds, their 
antioxidant activity and bioavailability as well as their organoleptic attributes (Ozdal, 
Capanoglu, & Altay, 2013). 
The capability of proteins to bind phenolic compounds relies on the structure, size and 
amino acid composition of the former. Strong protein-phenolic complexation has been 
observed in proteins with large size, flexible conformation, high level of proline residues and 
hydrophobicity (Le Bourvellec & Renard, 2012). 
One of the widely studied protein-phenolic complexes is milk protein-tea systems. 
Polyphenols in tea, i.e. catechin, epicatechin, epigallocatechin gallate, and epigallocatechin, 
were found to bind weakly α- and β-caseins, and such complexes caused a substantial 
decrease in the α-helix and β-sheet as well as a rise in the random coil conformation (Hasni et 
al., 2011). Furthermore, several researchers have indicated phenolics’ binding preference to 
proline residues in protein molecule. This is because such residues can maximize the 
accessible binding surface by halting the formation of hydrogen-bonded structure like α-
helices (Baxter, Lilley, Haslam, & Williamson, 1997; Luck et al., 1994; Murray, Williamson, 
Lilley, & Haslam, 1994; Williamson, 1994).  
Although these works imply proline residues are the preferable binding sites for 
phenolics, however, there are other possible binding sites. For instance,  Liu, Wang, Zhang, 
et al. (2016) examined the binding sites of chlorogenic acid with leading bovine-derived 
proteins, i.e. α-casein, β-casein, κ-casein, β-lactoglobulin, and α-lactalbumin. Numerous 
binding sites were reported such as alanine (Ala), asparagine (Asn), cysteine (Cys), glutamine 
(Gln), histidine (His), lysine (Lys), glutamic acid (Glu), isoleucine (Ile), phosphoserine (Pse), 
proline (Pro), tryptophan (Trp), serine (Ser), tyrosine (Tyr), threonine (Thr), and valine (Val). 
The authors also commented that the binding sites of chlorogenic acid were distinct for 
different protein. 
Types and structures of phenolic compounds also influence their complexation with 
proteins. Larger phenolic compounds have stronger tendency to bind to milk proteins 
(Kanakis, Hasni, Bourassa, Tarantilis, & Polissiou, 2011). The study showed that the binding 
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affinity of epigallocatechin gallate with β-lactoglobulin was higher than that of catechin-
protein complexes. Trnkova, Bousova, Kubicek, and Drsata (2010) investigated the binding 
affinities of various cinnamic acid derivatives with bovine serum albumin. The study 
concluded that chlorogenic acid had the highest affinity followed by sinapic, caffeic, ferulic, 
o-coumaric, p-coumaric, and m-coumaric acids.                                                                                           
It was observed that complexation between proteins and phenolics had a considerable 
impact on the concentrations of phenolic moieties along with their antioxidant capacity. 
Majority of studies indicate that the aforementioned interactions cause a decline in the total 
phenolic content and antioxidant activity (Dubeau, Samson, & Tajmir-Riahi, 2010; Liu, 
Wang, Zhang, et al., 2016; Niseteo, Komes, Belščak-Cvitanović, Horžić, & Budeč, 2012; 
Ryan & Petit, 2010; Ziyatdinova, Nizamova, & Budnikov, 2011). These studies were mostly 
conducted on milk proteins-tea/coffee systems. Liu, Wang, Zhang, et al. (2016) argued that 
the binding of chlorogenic acid with milk proteins may have masked the hydroxyl groups in 
the former, and such groups was associated with the phenolic’s capability in inhibiting 
oxidation. The aforementioned process yielded a reduction in the phenolic’s antioxidant 
activity. Nevertheless, few studies have documented a rise in the antioxidant activity of 
polyphenols upon complexation with proteins (Almajano, Delgado, & Gordon, 2007; Tsai & 
She, 2006). 
The functional attributes of proteins may also be altered upon binding with phenolics. 
A study by Prigent et al. (2003) recorded a reduction in lysozyme’s solubility upon binding 
with chlorogenic acid at pH above 8.0. In another study involving peas, the thermal stability 
of pea proteins were enhanced after binding with phenolic acids (Tsai & She, 2006). 
The mechanisms of protein-phenolic interactions are considered to mainly involve 
hydrophobic interactions. The aforementioned process occurs between the aromatic rings of 
phenols and the hydrophobic residues of proteins (e.g. proline) as illustrated in Figure 14. 
Hydrophobic binding has been reported to be the major driving forces in milk proteins and 
tea polyphenols (Kanakis et al., 2011). 
Other non-covalent forces, e.g. hydrogen and ionic bonds, also participate in the 
interactions between proteins and phenolics. Hydrogen bonding involves hydroxyl fractions 
of the phenolics and H-acceptor sites of the proteins, whereas ionic bonding occurs between 
negatively charged –OH groups of phenolics and positively charged amino groups of proteins 
(Figure 14).  Studies have documented the presence of hydrogen bonding in BSA-ferulic acid 
(Ojha, Mishra, Hassan, & Chaudhury, 2012), bovine lactoferrin-epigallocatechin (Yang, Liu, 
Xu, Yuan, & Gao, 2014) and whey proteins-procyanidins complexes (Prigent et al., 2009).  
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Papadopoulou, Green, and Frazier (2005) found that ionic bonds perform a minor role in the 
association of BSA and epicatechin, with hydrophobic and hydrogen bonds being the major 
forces. Overall, non-covalent forces are typically engaged in reversible interactions (Ozdal et 
al., 2013).  
Besides non-covalent, covalent bonds, which are irreversible, are other possible forces 
in the binding between proteins and phenolic compounds (Kroll, Rawel, & Rohn, 2003). 
Development of ο-quinones or ο-semi-quinones and carbocations are the two pathways for 
the formation of covalent bonds (Le Bourvellec & Renard, 2012). The former involves 
phenolics’ oxidation (either enzymatically or non-enzymatically) in the presence of oxygen 
(Figure 15). Such process leads to the formation of quinone that may produce a dimer in a 
side reaction, or react with amino or sulfhydryl groups in proteins to construct C-S or C-N 
bonds with the aromatic ring of phenol, yielding a regeneration of hydroquinone. Further 
oxidation of hydroquinone followed by binding to a second polypeptide yields a cross-link 
(Liu, Ma, Gao, & McClements, 2016; Strauss & Gibson, 2004).  
On the other hand, carbocations formation involves the cleavage of proanthrocyanidin 
interflavanic bonds in acidic condition. Carbocations are very reactive, thus, can bind to the 
thiol groups of proteins to form extrinsic cross-linking with the linear amino acid chains 
(Beart, Lilley, & Haslam, 1985; Le Bourvellec & Renard, 2012).  
Examples of covalent bindings between milk proteins and phenolics have been noted in 
a number of investigations. Rawel, Kroll, and Hohl (2001) observed covalent interactions 
between whey proteins and various plant phenolic acids, i.e. ferulic, caffeic, chlorogenic, and 
gallic acids. Recent work by Liu, Wang, Xu, Sun, and Gao (2016) confirmed the presence of 
covalent bonds in chlorogenic acid-lactoferrin conjugates. It was suggested that covalent 
association between bovine serum albumin and tea polyphenols influenced the bioactivities 
and bioavailability of the latter (Trombley, Loegel, Danielson, & Hagerman, 2011).  
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Figure 14 Illustration of the mechanisms of protein-polyphenol non-covalent interactions 
(Asano, Shinagawa, & Hashimoto, 1982; Le Bourvellec & Renard, 2012). 
 
Figure 15 Mechanisms of protein-polyphenol covalent interactions (Strauss & Gibson, 
2004). 
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4.2 Interactions between protein and lipid  
 
Besides phenolic compounds, milk proteins are capable of interacting with lipids, and 
such association play a considerable role in the food formulations of cheeses, creams, infant 
formulas, bakery products and beverages (Chobert & Haertle, 1997). Emulsions are model 
systems of protein-lipid interactions that have been widely studied. Proteins, which are 
adsorbed at the oil/water interface during emulsification, assist the formation and stability of 
food emulsions. Following adsorption, unfolded protein molecules form viscoelastic films 
through hydrophobic, hydrogen bonding, ionic and van der Waals interactions. The 
construction of such films is attributed to the proteins’ capability of interacting with both 
water and oil droplets, hence, the macromolecules are regarded as amphipathic compounds. 
The films can hamper coalescence and flocculation in emulsions owing to their electrical and 
rheological features (Aynié, Meste, Colas, & Lorient, 1992).  
Besides emulsions, in recent years interactions between milk proteins and lipids have 
been used in the area of encapsulation and delivery of bioactives (Livney, 2010). For 
example, bindings between caseins and omega-3 fatty acids showed a good potency in 
protecting and delivering the bioactive compound in milk and other beverages (Zimet, 
Rosenberg, & Livney, 2011). 
One of the most extensively studied proteins-lipids systems are β-lg-fatty acids 
complexes (Le Maux, Bouhallab, Giblin, Brodkorb, & Croguennec, 2014; Loch et al., 2013; 
Ragona et al., 2000). Frapin, Dufour, and Haertle (1993) demonstrated the bindings between 
the whey protein and various saturated and unsaturated fatty acids. It was also suggested that 
the interactions were primarily hydrophobic in nature with the interactions for unsaturated 
fatty acids being weaker than the saturated counterparts. Palmitic, stearic, oleic, linoleic and 
linolenic acids showed high binding affinities to β-lg, with the former having the highest 
affinity (Spector & Fletcher, 1970). 
The central calyx of β-lg is understood to be the main binding site of the protein for 
fatty acids (Kontopidis, Holt, & Sawyer, 2004; Ragona et al., 2000). Another site was 
hypothesised to be situated in the protein’s hydrophobic cavity, which is near the dimer 
interface. Formation of the pocket involves whey protein’s α-helix and β-barrel (Yang et al., 
2008). Wang, Allen, and Swaisgood (1998) suggested the dimer interface as another possible 
binding site.  
Furthermore, other whey proteins have been documented to interact with fatty acids. α-
La is capable of associating with fatty acids, but its interactions are governed by the protein’s 
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conformation. Native α-La is incapable of binding with fatty acids; thus, the proteins need to 
undergo unfolding in order to associate with the lipid molecules (Barbana et al., 2006; 
Kamijima et al., 2008). A study by Barbana, Sánchez, and Pérez (2011) reported several 
binding sites (3-5) between fatty acids and α-La. Barbana et al. (2006) suggested the interface 
between α and β domains of α-La, which were unconcealed in the apo form, as the 
presumptive binding site of fatty acids and the protein. Two most likely forces governing the 
interactions between fatty acids and α-La are hydrophobic associations and electrostatic 
interactions. The formed involves fatty acid tail whereas the latter deal with fatty acid head, 
which is negatively charged, and basic side groups of α-La (Barbana et al., 2011). 
Charbonneau and Tajmir-Riahi (2010) examined the interactions of cationic lipids with 
BSA and found several binding sites on the protein depending on the type of lipid. The author 
further suggested that lipid-BSA complexes were governed by both hydrophobic and 
hydrophilic interactions.  
Zimet et al. (2011) demonstrated complexations between casein and omega-3 
polyunsaturated fatty acid (DHA). They suggested that there were three to four DHA binding 
sites for one protein molecule. The bioactive compound was found to bind to casein with a 
relatively high affinity through hydrophobic interactions. Subsequent study on the 
interactions between β-casein and phospholipids indicated hydrophobic and electrostatic 
interactions as the major forces governing the complexations in membrane systems (Gallier, 
Gragson, Jiménez-Flores, & Everett, 2012). 
 
4.3 Interactions between protein and lipid-derived volatile  
 
As mentioned previously, volatiles resulting from lipid oxidations are known to cause 
adverse flavour. Food proteins have the ability to bind and trap these flavour-active 
compounds and such associations may affect the flavour perception of food products.  
Proteins-volatiles interactions have been recorded to reduce the intensities of the flavour-
active constituents (Guichard, 2002; Hansen, 1997). According to Lubbers, Landy, and 
Voilley (1998) most flavour compounds were bound to the macromolecules via hydrophobic 
and hydrogen bonding, and such interactions are reversible. However, irreversible bindings 
via covalent bonds have been documented for aldehyde-protein systems (Guichard, 2002). 
Covalent linkages can occur through ester and amide association, and aldehydes’ 
condensation with –NH2 and -SH groups (Meynier, Garillon, Lethuaut, & Genot, 2003). 
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As for protein-lipid, β-Lg has been utilised profusely in studying protein-volatile 
interactions. A number of studies have documented β-Lg associations with aldehydes 
(Meynier, Rampon, Dalgalarrondo, & Genot, 2004), alkanes (Wishnia & Pinder, 1966), and 
ketones (Guichard, 2002; Hansen, 1997). Hydrophobic pocket of β-Lg is regarded as the 
primary binding site for volatiles (Kuhn, Considine, & Singh, 2006). Several authors 
proposed the existence of other binding sites which were weaker than the primary counterpart 
(Dufour & Haertle, 1990; O'Neill & Kinsella, 1988). This hypothesis was confirmed in the 
work of Tromelin and Guichard (2004) which indicated the presence of two or more binding 
locations, and hydrogen bonding.  
The degree of interactions between β-Lg and the aroma compounds are influenced by 
various factors such as chain length, functional groups, pH and protein’s concentration. It is 
noted that binding affinities for β-Lg and various volatiles such as, aldehydes, alcohols, esters 
and ketones, increase with longer chain length (Kuhn et al., 2006). Bindings between β-Lg 
with an alkyl chain can be weakened the presence of polar group like hydroxyl group (OH) 
(Reiners, Nicklaus, & Guichard, 2000). van Ruth and Villeneuve (2002) examined the impact 
of pH on the volatiles’ retention by β-Lg. Alkaline condition was found to produce a higher 
retention than that of acid medium indicating a stronger protein-volatile association.  
Besides β-Lg, α-La and BSA are capable of interacting with volatiles. The former was 
reported to interact with aldehydes and ketones but their associations were very weak as 
compared to that of other whey proteins (Guichard, 2006). Bindings between BSA and some 
aldehydes, e.g. heptenal and heptadienal, have been recorded in the study of Li et al. (2015). 
Complexations between BSA and volatiles (i.e. aldehydes, esters and ketones) were found to 
be mainly hydrophobic in nature (Tan & Siebert, 2008). However, the authors argued there 
was an absence of significant bindings between BSA and alcohols. In general, among milk 
proteins BSA has the highest binding affinity for volatiles followed by β-Lg and α-La in 
descending order (Kuhn et al., 2006).  
 
5 Effect of thermal processing on bioactive compounds 
 
Application of thermal process can cause a considerable alteration in the properties of 
food ingredients, such as protein, starch, dietary fibre and phytochemicals and lipid. Xu and 
Chang (2008) probed the changes in the levels of phenolics, including antioxidant activity, in 
legumes subjected to two heat treatments (boiling and steaming). Both processes yielded a 
significant loss in antioxidant activities and total phenolic content (TPC), with steaming 
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produced a lesser degree of reduction. They argued that such loss in TPC could be the result 
of the phenolics’ degradation during processing as well as the leaching of phenolics into 
cooking water. Subsequent work of Sowndhararajan, Siddhuraju, and Manian (2011) 
evaluated different thermal treatment, i.e. dry heating and autoclaving, on legumes, and they 
also found that the processes lowered the content of phenolics and their antioxidant activities. 
Several studies have also published accounts of the impact of ultra high temperature 
(UHT) process on bioactive compounds. As for traditional heating methods, application of 
UHT technique results in a reduction in TPC. However, Xu et al. (2010) noted a lesser 
phenolic losses in soymilk processed with UHT compared to that for traditional heating 
methods like steaming. Furthermore, they argued that thermal treatments (both traditional and 
UHT) enhanced the antioxidant activities of soymilk. The aforementioned process is partly 
attributed to the development of new phenolics with antioxidant features or the conversion of 
existing constituents into constituents with greater antioxidant activities. Recent work on 
litchi juices provided further evidence on the susceptibility of phenolic compounds to UHT 
process (Liu et al., 2015).  
On the other hand, work of Sopelana, Pérez-Martínez, López-Galilea, de Peña, and Cid 
(2013) yielded a contrasting outcome. They argued that UHT process delivered no 
meaningful impact on the levels of polyphenols (ferulic, 5-caffeoylquinic, and caffeic acid) in 
coffee brew. Such distinct finding may be due to the milder time-temperature parameters 
utilised in the study, i.e. 120°C for 2 s, compared to that of Xu et al. (2010) and Li et al. 
(2015) which employed much higher processing temperatures (134 and 143°C, respectively) 
and longer holding time (4 and 60 s, respectively). 
Furthermore, it has been displayed that heat treatments can liberate phenolic 
compounds from their bound form. Wu, Huang, Qin, and Ren (2013) observed an increase in 
the amount of free ferulic acid in sorghum upon steaming. The aforementioned process is 
attributed to the disintegration of cellular constituents (Dewato, Wu, & Liu, 2002). 
In a review by Duodu (2014), it is postulated that thermal processing may induce 
binding between phenolic compounds in cereals and legumes with macromolecules, in 
particular, proteins, and as such can limit the bioactives’ extractability. Baking, as well as 
dough preparation, has been reported to induce insoluble complexations between condensed 
tannins and sorghum proteins in sorghum cookies leading to a decrease in the phenolics’ 
extractability (Chiremba, Taylor, & Duodu, 2009). This is a consequence of protein 
molecules’ unfolding, induced by heating, which exposes the previously buried reactive 
groups that can bind with phenolic compounds (Kuhn et al., 2006). Thermal treatment has 
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been shown to induce covalent interaction between phenolics and proteins (O'Connell & Fox, 
1999). 
Besides phenolics, thermal processes have a considerable influence on protein-fatty 
acid interactions (Barbana et al., 2011) as well as protein-volatile complexes (Kuhn et al., 
2006). Kamijima et al. (2008) revealed that α-Lac was able to form complexes with oleic acid 
upon heating between 50-60°C. In the study of Wang and Arntfield (2015) heating at 95°C 
for 30 min increased the association of volatiles, particularly aldehydes, with canola and pea 
proteins. In the case of protein-ketone binding, it was observed that the binding increased at 
the beginning of heating process and then decreased over time. Such transition suggested that 
thermally-induced protein aggregations were enhanced with time and as such replaced 
protein-volatile bindings which then prompted liberation of the formerly bound volatiles. 
 
6 Significance of the Research 
 
Wholegrain cereals, including oat, are excellent sources of dietary fibre, antioxidants, 
high quality proteins and unsaturated fatty acids, and as such they have received a 
considerable interest in food industry, particularly in beverages. As a way to increase 
antioxidant intake in the human food regimen, food manufacturers aims to develop processed 
products possessing a high wholegrain cereal content and to adopt processing techniques that 
minimise damage to bioactive compounds. Ultra high temperature (UHT), which involves 
high temperature (135-145°C) and short processing time (1-10 seconds), is the preferred 
avenue of processing, since the technique applies a rapid heat transfer to curtail undesirable 
alterations in nutritional profile and taste. There is a need for information on the effect of 
UHT processing on the bioactivity and interactions of oat-microconstituents and 
macromolecules over a wide range of storage temperatures and times. Therefore, the 
significance of this PhD study is summarised as follows:   
i) It is generally understood that incorporation of dietary fibre from wholegrain oat in 
formulations might improve their nutritional composition but, the ramification of 
prolonged storage and UHT processing on the bioactive components of oat 
beverages is not fully explored. 
ii) Although many studies related to oat/oat products are currently available, there is a 
lack of understanding of the interactions occurring among the commonly added 
food ingredients (e.g. proteins, sugar, starch and lipids) and the phenolic 
compounds due to processing and storage. 
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iii) Many studies report the details of lipid profiles, free fatty acids and volatiles for 
oats grain/flours, but there is a gap of basic information about the changes that take 
place in the levels of free fatty acids and secondary lipid-oxidation products in oat 
beverages enriched with commonly used food ingredients during processing and 
storage. 
iv) Findings from this study will serve as a benchmark for unfolding the key 
interactions that occur among bioactive components of oat dietary fibre and added 
ingredients. 
 
7 Research Questions 
1) What is the effect of UHT processing, storage conditions and varying concentrations 
of oat dietary fibre on the content of phenolic compounds, avenanthramides, free fatty 
acids and volatiles in a beverage formulation? 
2) What is the impact of ingredient incorporation, such as protein, sugar and oil, on the 
composition of phenolic compounds in model UHT beverages? 
3) What is the impact of ingredient incorporation, such as protein, sugar and oil, on the 
compositions of oat free fatty acids and volatiles in model UHT beverages? 
4) What is the nature of the interactions between macromolecules and bioactive 
compounds of oats? 
 
8 Research Objectives 
The following research objectives are developed to address the research questions 
described in previous section: 
1) Examine the changes in the levels of major phenolic compunds, free fatty acids and 
lipid-oxidative volatile products in aqueous systems enriched with oat dietary fibre 
following UHT processing. 
2) Monitor the release of the bioactive compounds during extended storage at various 
conditions. 
3) Investigate the interactions between added food ingredients (protein, sugar and oil) 
with phenolic compounds on the composition of the latter in model UHT beverages. 
4) Investigate the changes on the compositions of oat free fatty acids and volatiles in 
model UHT beverages following addition of food ingredients (protein, sugar and oil). 
5) Probe the nature of interactions between macromolecules and bioactive compounds of 
oats. 
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Oleic acid   ≥99.0 112-80-1 Sigma-Aldrich/ (India) 
Linoleic acid ≥98.5 60-33-3 Sigma-Aldrich/(USA) 
Palmitic acid ≥99.0 57-10-3 Sigma-Aldrich/(Switzerland) 
Hexanal 98.0 66-25-1 Sigma-Aldrich/(USA) 
2-Ethylfuran ≥97.0 3208-16-0 Sigma-Aldrich/(UK) 
2-Pentylfuran ≥99.0 3777-69-3 Sigma-Aldrich/(China) 
1-Pentanol 98.0 71-41-0 Sigma-Aldrich/(Switzerland) 
1-Hexanol ≥99.0 111-27-3 Sigma-Aldrich/(Switzerland) 
Folin-Ciocalteu’s 
phenol reagent, 2N 
100  Sigma-Aldrich/(USA) 
Sodium dihydrogen 
phosphate 
monohydrate  
≥99.0 10049-21-5 Merck KGaA/(Germany)  
Di-sodium hydrogen 
phosphate 
dodecahydrate 
≥99.0 10039-32-4 Merck KGaA/(Germany)  
Calcium chloride ≥97.0 10043-52-4 SigmaAldrich/ (Mexico) 
Sodium carbonate  ≥99.0 497-19-8 SigmaAldrich/ (Japan)  
Sodium hydroxide ≥97.0 1310-73-2 Chem supply/(Australia) 
Hydrochloric acid  37 7647-01-0 Sigma Aldrich/ (Germany) 
Sulfuric acid 99.9 7664-93-9 SigmaAldrich/ (Australia) 
Formic acid 100 64-18-6 Sigma Aldrich/ (Germany) 
Acetic acid, glacial  100 64-19-7 Fisher chemical/(UK)  
Protease from Bacillus 
licheniformis 
≥2.4 U/g 9014-01-1 Sigma Aldrich/ (Denmark) 
Amyloglucosidase 
from Aspergillus niger 
≥260 U/mL 9032-08-0 Sigma Aldrich/ (Denmark) 
α-Amylase, heat-
stable 
 9000-85-5 SigmaAldrich/ (USA) 
Trizma base ≥99.9 77-86-1 SigmaAldrich/ (Australia) 
Urea solution  8M 57-13-6 SigmaAldrich/ (Australia) 
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2 Methods 
 
2.1 Ultra High Temperature (UHT) process  
In the interest of safety and longer shelf life, food products are generally processed 
with heat, for instance, pasteurisation and sterilisation. The former administers a moderate 
heating (70-100°C) to foodstuff for a specific time to kill vegetative cells of pathogens (Park, 
Lamsal, & Balasubramaniam, 2014). However, such treatment is inadequate for destroying 
heat resistant spores, hence; pasteurised foods typically need to be refrigerated. 
By comparison, sterilisation applies a much higher temperature (>100°C) than that of 
pasteurisation. The treatment aims to kill all pathogens including spores like Clostridium 
botulinum (Berk, 2009). In-container sterilisation, e.g. canning, is a form of sterilisation 
process in which the containers filled with food are thermally treated at a temperature of 
120°C for a long time (generally 10-20 minutes) (Crowley et al., 2015). Another form of 
sterilisation is ultra-high temperature (UHT) process which utilises more severe heating (135-
145°C) and shorter time (1-10 seconds) than that of in-container sterilisation.  Furthermore, 
the heating is a continuous process which is followed by a fast cooling. UHT process is 
commonly combined with aseptic packaging in order to avert post-heating contamination and 
extend the shelf life of food products without refrigeration (generally 9 months) (Chavan, 
Chavan, Khedkar, & Jana, 2011). In UHT, both food product and containers are sterilised 
separately followed by filling of the sterile food product into the sterile containers. The 
typical steps in UHT processing are illustrated in Figure 1. Application of UHT process and 
aseptic packaging can be found in various food products such as milk, soymilk, cereal-based 
beverages, baby foods, sauces, custards, yoghurts, creams and sport drinks (Datta & Deeth, 
2007). 
 According to the heating system, UHT technique can be sorted into two types, namely 
indirect and direct. In the former, the heat is transferred from the heating medium, which is 
either pressurised hot water or superheated steam, to food product through a heat exchanger 
(Kelly, Datta, & Deeth, 2005). As a result of the contact between food product and the heat 
exchanger, indirect UHT system is susceptible to fouling or burn-on (Kumar & Sandeep, 
2014). Extensive fouling can reduce the rate of heat transfer and as such affecting the sterility 
of heat exchanger (Szemplenski, 2012).  Plates, tubular and scrapped-surface are examples of 
heat exchangers typically used in indirect UHT system.  
 Plate heat exchanger has a slender area amid plates which is easily clogged with food 
products. Therefore, among all three heat exchangers the highest degree of fouling is 
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generally observed in a system with plate heat exchanger (Datta, Elliott, Perkins, & Deeth, 
2002). Such heater is usually recommended for liquid foods without large particulates such as 
milk and juices (Kumar & Sandeep, 2014). 
 As for viscous products such as sauces, cheeses, puddings and fruit based puree, a 
system containing tubular heat transfer unit is more appropriate (Szemplenski, 2012). This 
heat exchanger is a cylindrical shell containing tubes either in helical or trombone 
arrangement. Such material is less susceptible to burn-on and can withstand higher pressure 
compared to plate heat exchanger. 
 In the case of highly viscous products like diced fruit, the scrapped-surface heat 
exchanger is found to be the most appropriate one. This heater composes of a jacketed 
cylinder with a rotating shaft fitted inside it. A series of scraper blades is attached to the shaft 
for improving the heat transfer rate and limiting the deposit formation on the heated 
cylinder’s wall. This system is rarely employed commercially because of its high operating 
cost and its low energy efficiency as compared to the other two heaters (Burton, 1994). 
  
 
Figure 1 Stages of UHT processing of milk (Datta et al., 2002) 
 
Direct UHT utilises superheated steam as the heating medium, and the steam is mixed 
with food products. This system is capable of increasing the temperature of food quickly by 
conveying the heat of vaporisation of the heating medium to the food. Such process induces a 
steam condensation which in turn causes a dilution in the heated food. This dilution issue can 
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be limited by cooling rapidly the heated product in a vacuum chamber and ensuring the 
temperature of the product leaving the chamber is ~2°C higher than the preheat counterpart 
(Datta et al., 2002; Lewis & Heppell, 2000). 
 This PhD study employs an indirect heating UHT unit procured from Hipex 
(Thomastown, Australia) connected to a laminar flow compartment for aseptic packaging 
(Figure 2). The unit is fitted with a tubular heat exchanger which can sterilise food product up 
to 150°C. Further, it offers several options of holding time, i.e. 3, 8, 18, and 23 seconds. The 
unit is also capable of performing two-stage homogenisation (maximum 400 bar) either 
before UHT process or aseptically. 
 
 
Figure 2 Indirect UHT unit at RMIT University. 
 
2.2 Chromatography  
 Chromatography is a powerful tool for separating mixtures into its individual 
components. The mixtures are distributed between two phases, namely, mobile and stationary 
phases. The mixtures travel with the mobile phase when passing through the stationary 
counterpart. Sample components flow through the stationary phase at different speeds and 
elute from the column with disparate retention times. This is because the different 
interactions between the stationary phase and the sample components (Lundanes, Reubsaet, 
& Greibrokk, 2013). The retention of a compound can be described as follow: 
      ⁄       [2.1] 
where k is known as the retention factor. ns and nm are the concentration of an analyte in the 
stationary and mobile phases respectively at a specified time. 
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 There are various types of chromatographic techniques as shown in Table 2.2. 
However, the dominating technique is high-performance liquid chromatography (HPLC) with 
gas chromatography (GC) being the second prominent technique, and as such are briefly 
discussed in the following sections. The stationary phase is typically either a solid, surface-
active, adsorbent particle or a liquid film covered on column wall. If the mobile phase used is 
a gas, it is called gas chromatography. In contrast, if it is a liquid; the process is regarded as 
liquid chromatography (Meyer, 2010). 
 
Table 2 Properties of different chromatographic techniques (adapted from Lundanes et al., 
2013)  
Technique Mobile phase Stationary phase Driving force 
Gas chromatography (GC) Gas Solids, liquid films Gas pressure 
High-performance liquid 
chromatography (HPLC) 
Liquid Solvated solids Pump flow 
Supercritical fluid 
chromatography (SFC) 
Supercritical fluid Solids, liquid films Pump flow 
Thin layer chromatography 
(TLC) 
Liquid Solids Capillary forces 
Electrochromatography 
(EC) 
Liquid Solids Electric field 
Micellar electrokinetic 
chromatography (MEKC) 
Liquid Micelles Electric field 
 
 
2.2.1 High performance liquid chromatography (HPLC) 
 This technique applies high pressure to move mobile phase through columns 
consisting of very small particles (stationary phase) that produces high-resolution separations. 
Fine particle size improves the efficiency of the packed columns. In general, the size of 
particles in HPLC ranges from 1.7-5 μm (Harris, 2016).  
 Silica serves as the most common material for stationary phase in HPLC. Other 
materials include alumina, titania, zirconia, carbon as well as silica with bonded polar 
functional groups (Lundanes et al., 2013). As for mobile phase, it is in the form of liquid and 
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can be pure compounds such as water, acetonitrile, ethanol, methanol, hexane, 
tetrahydrofuran or methylene chloride (Moldoveanu & David, 2013). 
 Based on the separation modes, HPLC can be sorted into adsorption (normal phase) 
chromatography, affinity chromatography, reversed-phase chromatography, ion-pair 
chromatography, ion-exchange chromatography, size-exclusion chromatography, ion 
chromatography and chromatography with chemically bonded phase. Among these modes, 
reversed-phase chromatography is the most common mode. This mode is characterised by the 
mobile phase being more polar than the stationary counterpart. By comparison, adsorption 
chromatography involves a polar stationary phase and a relatively nonpolar mobile phase 
(Meyer, 2010).  
 A typical HPLC unit consists of a reservoir for solvent, pump, a valve for injecting 
sample, column, detector and computer. The solvent reservoir provides solvent(s) (i.e. mobile 
phase) for the HPLC (Henshall, 2001). The pump system distributes a constant flow of 
solvent(s) through the injector, column and detector. For HPLC, the pump should be able to 
produce a high pressure up to 40 MPa and deliver a flow rate up to 10 mL/min. An injection 
valve composes of interchangeable sample loops that can hold volumes ranging from 2 to 
1000 μL.  The column is considered as the most vital part of an HPLC because it affects the 
efficiency of analytes separation. The column is generally narrow with a diameter of 2.1 mm 
(Lundanes et al., 2013).  
 Detector in HPLC monitors eluent coming out of the column and produces a signal 
proportional to the saturation of an analyte as it travels through the detector cell (Henshall, 
2001). There are various detectors, e.g. ultraviolet, refractive index, fluorescence, and mass 
spectrometry. However, the most common detector is ultraviolet (UV) detector since majority 
of solutes absorb ultraviolet (UV) light (Harris, 2016). Modern HPLC systems utilise 
variable-wavelength UV detectors that allow use of optimum wavelength for an analyte 
instead of a fixed wavelength of 254 nm commonly found in older HPLC systems. UV-Vis 
diode array detector (DAD) is a type of UV-based detectors that are able to measure the 
absorbance for a whole spectrum range. In contrast to UV detectors that have a universal 
application, fluorescence detectors can only be applied to measure analytes that fluoresce 
(Moldoveanu & David, 2013). Furthermore, the latter is highly sensitive (100x more than UV 
detectors) (Lundanes et al., 2013). 
 Figure 3 shows an HPLC system fitted with DAD detector which is utilised in this 
study for analysing phenolic compounds in food dietary fibre. The HPLC is manufactured by 
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Agilent (series 1100) and is equipped with a ZORBAX Eclipse reversed-phase column 
(having dimensions of 4.6 x 150 µm).  
 
 
Figure 3 HPLC-DAD unit at RMIT University. 
 
2.2.2 Gas chromatography (GC) 
 This technique involves volatilisation of analytes in a heated injector of a GC unit and 
a subsequent separation of analytes in a column (Sparkman, Penton, & Kitson, 2011). GC 
analysis requires the analytes to be stable at high temperature. Non-volatile compounds need 
to be derivatised to increase their volatility, for instance, fatty acids are generally transformed 
into esters (Lundanes et al., 2013). The stationary phase can either be solid particles or a 
volatile liquid. The latter is typically known as gas-liquid partition chromatography in which 
the separation of compounds is attained if the compounds possess a different distribution 
between the moving and the static phases. The latter, which is known as gas-solid adsorption 
chromatography, separates compounds based on their difference in adsorptivity to a solid 
stationary phase (Harris, 2016; Lundanes et al., 2013).  
 The mobile phase in GC is termed as carrier gas which functions as the analytes’ 
transport agent from an injector, through a column and finally to a detector. Examples of the 
carrier gas include helium, hydrogen and nitrogen gas with helium being the dominant one 
since it is compatible with most detectors (Harris, 2016). The column is heated by an oven 
which is capable of raising the temperature at a specified rate during the separation of the 
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analytes (known as temperature programming) (Sparkman et al., 2011). There is a number of 
detectors that can be employed in GC analysis, for example, nitrogen-phosphorus detector 
(NPD), electron capture detector (ECD), flame ionization detector (FID), flame photometric 
detector (FPD), thermal conductivity detector (TCD), and mass spectrometer (MS) to name 
but a few (Klee, 2012).  
 The conventional detectors like FID, TCD, ECD, and NPD require standards for the 
presumptive identification of an analyte. Such screening technique is limited for identifying 
components of complex mixtures. MS is a versatile detector capable of giving both 
qualitative and quantitative determination regarding an analyte. MS detector separates 
components in mixtures with respect to their mass to charge distribution ratio (m/z). This 
basic principle of MS method involves ionising molecules with an ion source, which can lead 
to fragmentation or dissociative ionisation (Stashenko & Martínez, 2014).  
 The success of GC depends on a good sample preparation. Stir-bar sorptive extraction 
(SBSE), thermal desorption, solid-phase microextraction (SPME), and purge and trap are 
examples of sample preparation technique applicable to GC with SPME being the most 
widely used. SPME requires no solvent in extracting compounds from solids, liquid, or 
sludge. The technique uses a fused-silica fibre coated with an absorbent material which is 
similar to the stationary phase in GC. Extraction of compounds with SPME involves 
immersion of the SPME fibre into the aqueous sample or its headspace within a sealed vial 
for a specific time. Such process allows the organic compound to be absorbed into the fibre, 
which is then inserted into a GC unit (Harris, 2016). 
 Figure 4 exhibits GC system (HP 6890 series) connected to mass selective detector 
(HP 5973) that is used for analysing the secondary lipid-oxidation products of food dietary 
fibre. Separation of components in GC is conducted using an Agilent A DB-5 column 
possessing 30 m length, 0.25 mm internal diameter, and 0.25 μm film thickness. 
In addition to GC-MS, a comprehensive GCxGC (two dimensional) analysis was 
applied in the study to analyse the free fatty acids in oat-based samples. The aforementioned 
technique operates by using two columns simultaneously which are joined through a 
modulator. The columns are distinct in terms of their retention mechanisms; one is polar and 
the other is non-polar. By adopting two columns, the retention times of components in 
GCxGC chromatograms are recorded in two axes (x- and y-axes), which can be exploited to 
estimate the polarity and boiling points of the individual components. Due to its capability in 
separating compounds according to their boiling points and polarity, this technique has better 
separation efficiency than that of one dimensional GC, hence; it is suitable for separating 
46 
 
compounds in complex mixture. This technique is often fitted with ionization detectors, e.g. 
FID (Patrushev, 2015). 
Figure 4 exhibits an Agilent HP6890-FID GCxGC unit (Burwood, Australia) utilised in 
this study. The system is fitted with two columns (1D and 2D), for separation of components. 
 
 
 
 
Figure 4 Agilent 6890/5973 GC-MS unit (top) and Agilent 6890 GCxGC unit (bottom) at 
RMIT University. 
 
 
 
47 
 
2.3 Spectroscopy  
 Spectroscopy focuses on the interaction of electromagnetic radiation with materials by 
measuring and interpreting the resultant spectra. Table 2.3 summarises various spectroscopy 
methods which are different as to the type of interaction (absorption, emission or diffraction), 
type of matter (molecular or atomic spectroscopy) and the electromagnetic spectrum region 
(Penner, 2010).  
 
Table 3 Various spectroscopy methods (adapted from Penner, 2010) 
Wavelength Type of interaction 
Region Limits Typical range 
Gamma rays 0.01 to 1 Å < 1 Å Emission 
Infrared 0.75 to 1000 μm 0.78 – 300 μm Absorption 
Microwave  0.1 to 100 cm 0.75 – 3.75 mm 
3 cm 
Absorption 
Electron spin resonance 
Radiowave 1 to 1000 m 0.6 – 10 m Nuclear magnetic resonance 
Ultraviolet 10 to 380 nm 180 – 380 nm Absorption, fluorescence, 
emission 
Visible 380 to 750 nm 380 – 750 nm Absorption, fluorescence, 
emission 
X-rays 0.1 to 10 nm 0.1 – 100 Å Absorption, diffraction, 
fluorescence and emission 
 
2.3.1 UV-visible 
 Ultraviolet-visible (Uv-vis) spectroscopy is employed in a diverse range of food 
analysis, e.g. quantification of total carbohydrate (phenol-sulfuric acid method), analysis of 
total phenolic content (Folin-Ciocalteu), and rancidity estimation (thiobarbituric acid test) to 
name a few. The technique is employed to measure an analyte’s concentration in a sample 
solution by measuring the amount of light absorbed from a reference beam when it traverses 
the solution as illustrated in Figure 5a. The incident beam (P0) has a greater radiant power as 
compared to the exit beam (P) due to the capture of photons by the absorbing molecules. The 
term transmittance (T) or absorbance (A) is used to express the relationship between the 
incident and exit beams as demonstrated in equations 2.2 and 2.3 (Penner, 2010).  
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            [2.2] 
                      [2.3] 
 A UV-vis spectrophotometer is typically contained a light source, monochromator, 
cuvette compartment, detector and readout device. Tungsten filament lamp is the most 
commonly used light source for covering the visible spectral region, i.e. 350 to 2500 nm 
whereas deuterium lamps are used to cover UV region, i.e. below 350 nm. Therefore, these 
two lamps can provide a strong band of radiation covering the wavelength of both UV and 
visible range. Being the most crucial component of a spectrophotometer, monochromator is 
used to confine the continuous, specific, narrow class of wavelengths for application in the 
spectroscopic assay. Most modern spectrophotometer is equipped with grafting 
monochromators which separate wavelengths based on the diffraction angles relative to the 
grafting normal (Perkampus, 1992).  
 Cuvettes function as sample holder and are commonly made from glass (for analysis 
in visible range) or fused silica (for analysis in UV range). Open-topped rectangular cell is 
the most commonly used cuvette with has an external width of 12.5 mm and a light path 
length of 10 mm. Detector functions to transform a light signal into an electric signal. 
Photomultiplier tube and photodiode are the most commonly employed detectors in 
spectrophotometers (Owen, 2000).  In this study, the LAMBDA 35 UV-vis 
spectrophotometer procured from Perkin Elmer was employed for analysing the total 
phenolic content in oat-based samples as displayed in Figure 5b.  
 
Figure 5 (a) Attenuation of a radiation beam passing through an absorbing sample (Penner, 
2010) and (b) Perkin Elmer Lambda 35 UV/Vis Spectrophotometer at RMIT University.  
a 
b 
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2.3.2 Fluorescence spectroscopy  
 Fluorescence spectroscopy deals with the molecules’ absorption of electromagnetic 
radiation in visible and UV regions leading to the excitation of molecules.  The technique 
measures the emission of energy of the excited molecules as they relax to their ground state. 
The relationship between the light’s absorption and emission is portrayed in the Jablonski 
diagram (Figure 6a). The singlet ground, first and second electronic states are represented by 
S0, S1 and S2, respectively. The vertical lines demonstrate the transitions between states 
which occur in a very short time, i.e. about 10
-15
 s. After a fluorophore (fluorescent 
substance) absorbs light, it is excited to either S1 or S2, which has a higher vibrational level 
than that of S0. Afterwards, it rapidly relaxes, usually within 10
-12
 s or less, to the lowest 
vibrational state of S1. Such event is known as internal conversion (Lakowicz, 2006). 
Considering that fluorescence lifetimes are around 10
-8 
s, the internal conversion is 
commonly concluded before fluorescence emission. The internal conversion is also 
responsible for fluorescence photons having longer wavelength compared to the excitation 
radiation, and this is called the Stoke shift (So & Dong, 2002). 
 Fluorescence intensity or signal can be decreased by various factors, and this process 
is known as quenching. Collision quenching corresponds to the process where the excited 
fluorophore loses its electronic energy due to collision with other molecules (quencher). The 
aforementioned process does not chemically alter the molecules. Besides collision, reduction 
in fluorescence signal can be due to a ground state process which is referred as steady state or 
static quenching. In this case, a fluorophore forms non-fluorescent complex with a quencher. 
Collisional quenching mechanisms can be expressed by the Stern-Volmer equation given 
below (Lakowicz, 2006): 
  
 
    [ ]        [ ]   [2.4] 
where the fluorescence intensities before and after inclusion of a quencher are represented by 
F0 and F respectively. K refers to the Stern-Volmer quenching constant while the quencher 
concentration is denoted by [Q]. The bimolecular quenching rate constant and the 
unquenched fluorophore lifetime are represented by kq and τ0 respectively (Soares, Mateus, & 
De Freitas, 2007). 
 For collisional quenching, the maximum value of kq is 2 x 10
10
 M
-1
 s
-1
. In the case 
that kq > 2 x 10
10
 M
-1
 s
-1
, it is an indication of static quenching process. A plot of F0/F against 
[Q] (also known as Stern-Volmer plot) is typically constructed to determine the value of K 
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from its slope. A linear relationship between F0/F and [Q] indicates a quencher can access 
equally a single class of fluorophores (van de Weert & Stella, 2011). 
According to Lakowicz (2006), the affiliation between quencher concentration and 
fluorescence intensity in static quenching can be derived by considering the binding or 
association constant for complex formation (Ks) as follows: 
   
[   ]
[ ][ ]
       [2.5]  
where [F˗Q] refers to the complex concentration. [F] and [Q] correspond to the 
concentrations of unbound fluorophore and quencher respectively. The total fluorophore 
concentration, [F]0, can be given by equation 2.6: 
[ ]  [ ]  [   ]    [2.6] 
Rearrangement of equation 2.5 by taking into account the equation 2.6 yields the following: 
    
[ ]  [ ]
[ ][ ]
  
[ ] 
[ ][ ]
 
 
[ ]
   [2.7]  
Equation 2.7 can be rearranged into equation 2.8 by taking into account that fluorescence 
intensities are proportional to fluorophore concentrations as follows: 
  
 
      [ ]     [2.8] 
As for collisional quenching, the plot of F0/F against [Q] is linear but the quenching constant 
observed in equation 2.4 is now the binding constant in equation 2.8. 
In static quenching, the number of binding sites (n) can be attained by rewriting 
equations 2.7 and 2.8 as follows: 
    
[ ]  [ ]
[ ]  [ ]
 
    
   
    [2.9] 
   
    
 
             [ ]   [2.10] 
where n is attained from the linear slope of the plot of log(Fo-F)/F against log[Q] 
(Dezhampanah, Esmaili, & Khorsidi, 2017).  
The Stern-Volmer equation (eq. 2.4) can be modified to determine the accessible 
fluorophore fraction (f) as shown in equation 2.11: 
51 
 
  
      
 
 
  [ ]
 
 
 
     [2.11] 
where 1/f  is the intercept on y-axis from the plot of Fo/(Fo-F) against 1/[Q]. The slope of the 
plot corresponds to 1/(fK) (Hasni et al., 2011). 
The binding constant can be applied for the calculation of thermodynamic parameters 
associated with protein-ligand equilibrium, i.e. the standard Gibbs free energy, ∆G0, the 
standard molar enthalpy, ∆H0, and the standard molar entropy, ∆S0. The relationship among 
the three parameters are summarised in equations 2.12 and 2.13. The gas constant (1.987 
cal/K mol) and temperature (°K) are denoted by R and T respectively (Dezhampanah et al., 
2017; Mehranfar, Bordbar, & Parastar, 2013). 
                  [2.12] 
                  [2.13] 
Substitution of equation 2.12 (van’t Hoff equation) into equation 2.13 (Gibbs-Helmholtz 
equation) yields an integrated format of the van’t Hoff formula as presented in equation 2.14 
(Varani, Gessi, Merighi, & Borea, 2015). 
     
    
  
 
   
 
     [2.14] 
The instrumentation of fluorescence spectroscopy is generally similar to that of UV-
vis spectroscopy, except for wavelength selector (monochromators). The former requires two 
monochromators for selecting excitation and emission wavelengths (Penner, 2010). 
Spectrofluorometers usually employ xenon arc lamps as their light source owing to the 
lamp’s high intensity at entire wavelength between UV and near infrared region (So & Dong, 
2002). In addition, the majority of spectrofluorometers has photomultiplier tubes (PMTs) for 
detectors. A Perkin-Elmer (LS55) luminescence phosphorescence spectrophotometer 
(Norwalk, CT), shown in Figure 6b, was utilised in this study to quantify milk proteins’ 
interactions with bioactive micronutrients and fatty acids. The excitation wavelength was set 
at 280 nm and the data were recorded over the emission range of 300-500 nm with a slit 
width of 3 nm. 
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Figure 6 (a) Jablonski diagram (Lakowicz, 2006) and (b) Perkin-Elmer (LS55) luminescence 
phosphorescence spectrophotometer. 
 
2.3.3 Infrared (IR) Spectroscopy  
 The basic principle behind infrared spectroscopy is determination of the absorption of 
distinct frequencies of IR radiation by substances. The aforementioned process correlates to 
the vibration of molecules leading to changes in their charge distribution, and consequently 
their electric dipole moment. Stretching and bending (rocking, wagging, scissoring, twisting) 
motions constitute the most essential vibrational modes (Wehling, 2010).  Distinct molecules 
have different vibrational energy levels; hence, infrared spectrum serves as a specific 
molecule’s fingerprint. A molecule infrared band is defined by its frequency, intensity and 
band shape (Larkin, 2011).  
 IR radiation of a molecule can be determined by measuring its frequency as follows: 
          [2.15] 
where E is energy of the system, v is frequency (in hertz), and h is Planck constant ( 6.63 x 
10
-27
 erg s). Frequency is normally expressed in wavenumber (ṽ, in cm-1) and their 
relationship is summarised below: 
ṽ                  [2.16] 
where λ is wavelength of light in cm. The ranges of wavenumber for IR spectroscopy can be 
divided into three domains, i.e. near-IR (14000 to 4000 cm
-1
), mid-IR (4000 to 400 cm
-1
), and 
far-IR (400 to 10 cm
-1
) (Wehling, 2010). 
 Fourier transform infrared spectroscopy (also known as FTIR) is categorised as mid-
IR spectroscopy technique which utilises an interferometer to transform radiation 
wavelengths obtained by detector into an IR spectrum. This technique has been used widely 
a b 
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in food analysis, e.g. to provide chemical profile of milk products (Subramanian & 
Rodriguez-Saona, 2009). Besides milk, application of FTIR in other areas such as honey, fats 
and oil, and maple syrup have been reported.  Table 2.4 details functional groups commonly 
detected in FTIR spectrum. 
 
Table 4 Organic functional groups at mid-IR region (adapted from Wehling, 2010) 
Groups Frequency (1/cm) 
Alkanes -CH bend and stretch  
-CH2, -CH3 bend 
3000-2800 
1470-1420 and 1380-1340 
Aromatics -CH stretch  
-C=C- stretch 
3100-3000  
1600 
Alcohols -OH stretch and bend 
C-O stretch 
3600-3200 and 1500-1300 
1220-1000 
Amines –NH stretch (both primary 
and secondary) 
3500-3300 
Amides -C=O stretch 
-NH stretch and bend 
1670-1640 
3500-3100 and 1640-1550 
Carboxylic acids -C=O stretch 1740-1720 
 
 FTIR analysis of samples in this study was performed on Perkin Elmer Spectrum 100 
FTIR spectrometer (Norwalk, CT) as displayed in Figure 7. It is equipped with atmospheric 
vapour compensation (AVC) which increases measurement’s precision and accuracy. All 
samples were measured within the range of 4000–450 cm−1 with 8 cm-1 for resolution. 
 
Figure 7 Spectrum 100 FTIR spectrometer at RMIT University. 
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2.3.4 Circular dichroism spectroscopy 
Circular dichroism (CD) spectroscopy technique has been increasingly adopted for 
characterising the structure of biopolymers, particularly proteins, and can be utilised to 
complement other analyses like X-ray crystallography, electron microscopy and NMR 
spectroscopy. Similar to other spectroscopy methods, CD is based on the interaction between 
molecules and electromagnetic radiation. A beam of light is polarised when travelling 
through filters or prisms causing its electric field to fluctuate in a sinus wave. This sinusoidal 
wave composes of two circular polarised elements, i.e. left-handed element (revolves counter 
clockwise) and right-handed element (revolves clockwise). CD spectroscopy measurements 
focus on the difference in the absorption of the two elements (Greenfield, 2006).  
In the case of left-handed (L) and right-handed (R) elements are absorbed by a 
samples to a same degree, this would result in polarisation in the original plane as illustrated 
in Figure 8A-I. In contrast, a disparate absorption of L and R would generate an elliptical 
polarisation (Figure 8A-II). When L has a higher degree of absorption than that of R, it 
generates a positive CD spectrum, as shown in band 1 (Figure 8B). Contrastingly, a negative 
CD spectrum is observed when R is absorbed in a greater extent than L (band 2). The CD 
signal is observed due to the chromophore is optically active or chiral. Achiral chromophore 
is unable to generate a CD spectrum (band 3) (Kelly, Jess, & Price, 2005). 
 
Figure 8 (A) The left- and right-handed elements (L and R respectively) in two 
arrangements: (I) the two elements have identical amplitude; (II) the two elements have 
disparate magnitude. (B) the CD spectra in relation to absorption (Kelly, Jess, et al., 2005). 
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In general, the difference in the left-handed (AL) and right-handed (AR) absorbance of 
circular polarised light is employed to report the CD intensity of a sample, and this is given in 
equation 2.17. 
              [2.17] 
Besides absorbance, CD spectra report the degrees of ellipticity (θ), which is the tangent of 
the minor elliptical axes divided by the major counterpart. The conversion of ∆A to θ can be 
done as follows (Kobayashi, Muranaka, & Mack, 2012): 
                [2.18] 
CD spectrum below the wavelength of 240 nm is able to offer details on the proteins 
secondary structure owing to the peptide bonds. In this region, CD signal is attributed to two 
electron transitions, i.e. n→π* (around 222 nm) and π→π* (around 208 and 190 nm) (Miles 
& Wallace, 2016). In this far UV region, disparate types of secondary structure produce 
different CD spectra. For example, α-helix, which is the principal secondary structure in most 
proteins, is characterised by negative bands at 222 nm (n→π*) and 208 nm (π→π*), and a 
positive peak at around 185 nm (π→π*). As for β-sheet, negative and positive bands are 
visualised at around 215 and 195 nm, respectively (Kobayashi et al., 2012). 
A modern CD spectropolarimeter is usually composes of a light source, 
monochromator, modulator, sample compartment, detector and output device. The instrument 
uses xenon lamps as its light source in the UV and visible range. The modulator functions to 
transform a linear monochromatic light into a circular polarised light by using a piezoelastic 
quart crystal and a isotropic material like fused silica (Pelton & McLean, 2000).  For UV and 
visible regions, the suitable detector is photomultiplier tubes (Johnson, 1996). A JASCO (J-
815) spectropolarimeter (Tokyo, Japan; Figure 9) is utilised to examine the alterations in the 
secondary structure of proteins after binding with phenolic compounds and fatty acids. CD 
analysis was performed between 178 and 260 nm with a scan speed of 50 nm per minute. A 
quartz cell having a 0.01 cm path length in nitrogen atmosphere was utilised for measurement 
in this region. 
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Figure 9 JASCO (J-815) spectropolarimeter at RMIT University. 
 
2.4 Particle size analysis  
A particle is termed as an individual sub-portion of a matter. Granules, powders, 
suspension, emulsions and sprays are examples of material containing particles. A particle 
possesses various physical properties (e.g. size, shape, charge, and surface properties) which 
can affect the behaviour of a particulate material, but by far the most important is particle 
size. There are various methods to measure a particle size, for instance, sieving, 
sedimentation, microscopy, dynamic light scattering and laser diffraction, but each technique 
gives a different result. The difference is due to a number of factors: (i) the technique’s 
principle; (ii) the basis of quantification (e.g. mass, area, or number); and (iii) the type of 
samples (some methods can measure either liquid or dry samples, while others can measure 
both types of samples) (Merkus, 2009). Among all methods, laser diffraction is the most 
widely used technique in many industries for the determination of particle size (Malvern 
Instruments, 2014).  
Laser diffraction method uses the scattering pattern of an angular light by dispersed 
particles in liquid or air as its basis of operation (Figure 10a). This pattern is transformed into 
a particle size distribution through a model-based matrix. Various theoretical models can be 
used to predict the scattering patterns, i.e. Fraunhofer theory, Mie theory and Anomalous 
diffraction. All theories work on the basis of the following equation: 
      
  
     
{[     ]
  [     ]
 }  [2.19] 
In equation 2.19, I(θ), θ, and I0 are the total scattered intensity, angle and incident light’s 
intensity respectively. The wavenumber and wavelength are represented by k and λ 
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respectively. a correlates to the distance from scatterer to detector. S1(θ) and S2(θ) are defined 
as the amplitude’s shift  of the perpendicular and the parallel light, respectively, with respect 
to angle and particle diameter (Merkus, 2009). 
  
 
 
Figure 10 (a) Light scattering patterns from particles with distinct size (Malvern Instruments, 
2015) and (b) diagram of a laser diffraction instrument (Xu, 2002). 
 
Fraunhofer theory assumes that particles are in circular shape and two dimensional, 
hence, it is suitable for non-spherical and large particles. In addition, the theory does not need 
information about the optical properties of the sample. However, this theory is not 
recommended for transparent particles (Merkus, 2009). Anomalous diffraction is also a 
simple model since it needs no knowledge of the optical properties of a sample. It considers 
all particles are transparent and sphere, hence, it is not applicable for opaque particles. In 
contrast to Fraunhofer and anomalous diffraction, the details about the refractive index (RI) 
of the particle and the dispersant are necessary in Mie theory (Malvern Instruments, 2015). In 
addition, Mie theory assumes all particles are sphere. Mie and anomalous diffraction models 
are suitable for small particles (1-50 μm) while Fraunhofer counterpart is suitable for 
particles larger than 50 μm.  
A schematic of a typical laser diffraction instrument is given in Figure 10b. A light 
source (laser) produces a monochromatic beam followed by a beam conditioning to generate 
an expanded parallel beam. Such beam is then exposed to sample particles yielding angular 
scattering patterns. These are then converted into a spatial intensity pattern through Fourier 
lens. Detectors convert this intensity into signals that can be processed in a computer. The 
computer can process signals into a particle size distribution by utilising appropriate theories 
described in the preceding paragraph (Xu, 2002).  
a b 
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 A Malvern Mastersizer 3000 (Worcestershire, UK) was employed to examine the size 
of protein-lipid particles (Figure 11). The instrument is able to analyse both wet and dry 
dispersions. It utilises either Mie or Fraunhofer theories to calculate the particle size 
distribution. Furthermore, it can measure particle size ranges from 0.01 to 3500 µm. The 
refractive indices of milk protein, palmitic acid, oleic acid and linoleic acid are set as 1.57, 
1.43, 1.45, and 1.46. Water being a dispersant has an RI of 1.33. 
 
 
Figure 11 Malvern Mastersizer 3000 at RMIT University. 
 
2.5 Zeta potential analysis 
In addition to size, zeta potential has a profound impact on the properties of particle 
dispersions, in particular their stability. Zeta potential relates to the electric charge at the 
surface of a particle in colloidal dispersions. A double layer, which consists of two layers 
(Stern and diffuse), surrounds a particle, as depicted in Figure 12. Stern layer shows a strong 
bound among the ions while ions in the diffuse layer are weakly associated. A stable matter is 
formed between the ions and particles in an imaginary boundary, which is located within the 
diffuse layer. Applying electric field moves the particle including the ions inside the 
boundary. However, the ions outside the boundary remain idle. The boundary is known as the 
slipping plane or surface of hydrodynamic shear. Zeta potential is the surface potential at this 
boundary (Kaszuba, Corbett, Watson, & Jones, 2010). 
Measurement of zeta potential can be performed using microelectrophoresis technique 
which deals with the determination of individual particles velocity in a dispersion upon 
applying a voltage. Relationship between the measured velocity and the applied field is given 
below: 
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           [2.20] 
where v, µE and E are measured velocity, electrophoretic mobility and applied voltage 
respectively. The zeta potential (ζ) is obtained from µE using the Henry’s equation:  
    
        
  
     [2.21] 
where ε, F(κα), and η correspond to the dispersant dielectric constant, the Henry function and 
the viscosity respectively. The value of F(κα) is either 1.0 or 1.5 relying on the particle size 
and the electrolyte conditions of solution (Delgado, Gonzales-Caballero, Hunter, Koopal, & 
Lyklema, 2005; Tucker et al., 2015). For liquid samples, the suitable F(κα) value is 1.5, and 
this is termed as the Smoluchowski equation. In the case of non-aqueous samples, the F(κα) 
value is 1.0 which is known as the Huckel approximation (Malvern Instruments, 2004). 
 In addition to microelectrophoresis, Laser Doppler electrophoresis (LDE) can be used 
for measuring the zeta potential. LDE applies a light scattering principle to compute the 
electrophoretic mobility. In an applied electric field, particles’ movement scatters light 
yielding small frequency shifts, ∆f.  
    
           
 
     [2.22] 
In equation 2.22, v is the particle velocity, θ is the scattering angle and λ is the laser 
wavelength (Kaszuba et al., 2010). 
  
 
Figure 12 A diagram of the electrical double layer and zeta potential (Kaszuba et al., 2010). 
 
A zeta potential analyser contains six basic components: light source, sample 
compartment, detector, signal processor, computer and attenuator. A laser is used to 
illuminate particles. As the laser beam pass through the sample cell, the detector monitors the 
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fluctuation in the light’s intensity in relation to a frequency which is proportional to the 
particle rate of motion. The information is then forwarded to the signal processor and the 
computer subsequently. The latter is equipped with software for the calculation of zeta 
potential. The attenuator controls the intensity of the scattering light is within the specific 
range that is allowed by the detector (Malvern Instruments, 2004). The zeta potential 
measurement in this study was carried out using a Malvern Zetasizer ZS-90 (Worcestersire, 
UK) as shown in Figure 13. 
 
 
Figure 13 Zetasizer Nano ZS-90 at RMIT University. 
 
2.6 Interfacial tension analysis 
Interfacial tension is one of the fundamental parameter that influences the stability or 
instability of dispersions, e.g. emulsions, foams, suspensions. Various methods are available 
for the determination of interfacial tensions, i.e. the Wilhelmy plate, pendent drop, sessile 
drop profile, drop volume (weight) and du Nouy ring (Tadros, 2015). The du Nouy ring and 
Wilhelmy plate methods directly measure the interfacial tension of a system using a 
microbalance. In these methods, the plate or ring is suspended from a microbalance and then 
submerged into an interface of a liquid-liquid system. In the case of a complete wetting of the 
probe by one of the liquids, the interfacial area increases yielding a force that is likely to draw 
the probe toward the boundary between the two immiscible phases. This force (F), which can 
be determined by a microbalance, is connected to the interfacial tension (γ) as follows 
(Drelich, Fang, & White, 2002): 
  
 
     
      [2.23] 
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where in equation 2.23, p and θ refer to the probe’s contact length with the liquid, and the 
contact angle respectively. 
 The drop volume/weight approach involves measuring the volume or weight of a drop 
of liquid falling from a capillary. The method has three modes of operation, i.e. static, quasi-
static, and dynamic. In static mode, the weight or volume is determined following a specific 
drop formation time. The mode often used for analysing the surface tension of pure liquids. 
The quasi-static mode aims forming a drop with a particular volume within the shortest time.  
It is appropriate for solutions that have low adsorption kinetic rate, such as protein and 
polymer solutions. In dynamic mode, the drop is formed under a steady flow rate and only the 
volume of unattached drop is measured at a specified time interval. Solutions with added 
surfactants are commonly analysed with this dynamic method (Lee, Ravindra, & Chan, 
2008). The weight (W) of the unattached drop is given the expression 
       (
 
√ 
 )     [2.24] 
where r is the capillary radius and V is the detached drop volume. Since only a part of the 
drop volume discharged during detachment, a correction factor, f, is used in equation 2.24. 
The correction factor is expressed as a function of 
 
√ 
  (Drelich et al., 2002), and various 
values of this correction factor have been summarised by Harkins and Brown (1919). 
In comparison to other methods, the pendent drop method is considered to be simpler, 
more robust and versatile since it only involves a drop of fluid hanging from a needle (Eggers 
& Villermaux, 2008). The pendent drop method works on the basis of examining the gravity-
distorted drops. A liquid surface tends to create a spherical form for minimising the surplus 
energy of the interface. This is done by reducing the area of the interface for each unit 
volume of fluid. The interfacial tension of a pendant drop at equilibrium is obtained from the 
Young-Laplace equation: 
 (
 
  
 
 
  
)                [2.25] 
where the major radii of the interface’s curvature are defined by R1 and R2. ∆P is the 
difference in Laplace pressure across the interface. ∆ρ corresponds to the difference between 
the drop phase density (ρd) and the continuous phase density (ρ), and can be written as ∆ρ= ρd 
- ρ. g is the gravitational acceleration. ∆P can also be expressed in relation to a preference 
pressure at z=0 (∆P0) and a hydrostatic pressure (∆ρgz) (Figure 14).  
 Furthermore, equation 2.25 can be rewritten in coordinates (r and z) and the tangent φ 
as follows: 
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    [2.26] 
  ̅
  ̅
           [2.27] 
  ̅
  ̅
            [2.28] 
where the bar in equations 2.26 to 2.28 are dimensionless quantities scaled by the curvature 
radius (R0) as depicted in Figure 14. B0 refers to the Bond number and is given by    
      
    (Berry, Neeson, Dagastine, Chan, & Tabor, 2015). 
 
 
Figure 14 Illustration of a pendent drop with a grey area representing the image taken by the 
camera (Berry et al., 2015). 
 
Figure 15 shows the tensiometer PAT-1M manufactured by Sinterface (Germany) 
which is based on the pendent drop method. It was utilised to examine the dynamic interfacial 
tension of protein-lipid emulsions. 
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Figure 15.Sinterface PAT-1M tensiometer at RMIT University. 
 
2.7 Molecular docking  
 Molecular docking is a computation-based method for predicting binding 
configurations of a macromolecule (receptor) and a small molecule (ligand) as well as the 
binding affinity. The method generally assumes that majority or all receptors are in rigid 
conformation, and the molecules’ charge distribution remains unchanged between their 
bound and free conformations. Furthermore, the lengths and angles of covalent bonds are 
generally fixed, while assuming a specific set of covalent bonds mobile (Trott & Olson, 
2009).  
 Prediction of binding sites or poses involves an extensive conformational 
investigation to produce ligand docking positions (orientations or poses) on a receptor 
(Tanchuk, Tanin, Vovk, & Poda, 2016). The receptor is generally a protein and its structure 
(three-dimensional) needs to be generated prior to docking with ligand. Protein structure 
prediction can be done using an online system called the iterative threading assembly 
refinement (I-TASSER). It is the most widely used server for predicting protein structure 
automatically. The advantages of this program is its high accuracy and reliability in 
predicting the full-length structure of protein with varying difficulty as well as its 
comprehensive structure-based function predictions (Roy, Kucukural, & Zhang, 2010).  
 Construction of distinct docking poses is performed through a search algorithm which 
attempts to examine the degrees of freedom of the protein-ligand sufficiently with respect to 
incorporating the true binding mechanisms. Literature has recorded three different categories 
of algorithms: flexible-ligand methods, rigid-body methods, and flexible ligand-flexible 
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protein methods. The most basic approach is the rigid-body algorithms which assume both 
ligand and protein having a rigid conformation. The flexible-ligand approaches, which apply 
the concept of rigid protein, consist of different methods, namely, random, systematic and 
stochastic. The flexible ligand-flexible protein being the most sophisticated approach offers 
protein’s flexibility as well as ligand (Sousa et al., 2013). 
 In addition to predicting the binding poses, molecular docking estimates the binding 
affinities of the generated binding poses through a scoring function. The scoring function 
assesses various binding positions and ranks them in relation to their binding affinities. Four 
different categories of scoring functions have been reported in literature: empirical, 
knowledge-based, force-field based and combined (Tanchuk et al., 2016). Application of 
several scoring functions can refine the ranking results (Holt, Chaires, & Trent, 2008). 
 AutoDock and AutoDock Vina (Vina) are advanced programs that are widely 
employed for protein-ligand docking study and are freely available. They are generic 
computational docking tools which use protein’s and ligand’s coordinate files for predicting 
docked conformations. The search algorithm employed by these programs is the stochastic 
flexible-ligand approach which generates a spatially clustered group of optimal docked 
configurations (Forli et al., 2016). For optimising the search algorithm, AutoDock utilises the 
Lamarckian genetic algorithm (LGA) which  implements a non-gradient based approach for 
the optimisation(Morris et al., 1998) while Vina practices  a rapid gradient-based approach 
called Broyden-Fletcher-Goldfarb-Shanno (BFGS) (Trott & Olson, 2009). 
 As for scoring function, AutoDock follows a concept of empirical free-energy force 
fields whereas the Vina uses a “machine learning” approach instead of physical model 
(Tanchuk et al., 2016).  The force fields include a specific set of interaction energies in the 
scoring function, i.e. repulsion/dispersion, electrostatic interactions, hydrogen bond, and 
deviation and desolvation potential energy (Morris et al., 2009). An ab initio method is used 
in this scoring function to estimate the energy affiliated with each interaction by adopting the 
classical mechanics’ equations (Englebienne & Moitessier, 2009). 
 The Vina’s knowledge-based scoring function, involves a number of interactions 
energy between two atoms, i.e. three steric interactions, a hydrogen bonding, and a 
hydrophobic interaction (Trott & Olson, 2009). These energies are determined by considering 
the frequency of an atom pair within a specific distance. The distinct interactions are 
weighted in relation to their occurrence’s frequency. The total of the different groups of 
interactions is the final score (Ferreira, dos Santos, Oliva, & Andricopulo, 2015). 
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Effect of ultra high temperature processing and storage 
conditions on phenolic acid, avenanthramide, free fatty acid and 
volatile profiles from Australian oat grains 
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Chapter 4 
Molecular interactions of milk protein with phenolic components 
in oat-based liquid formulations following UHT treatment and 
prolonged storage 
 
Kaur, J., Katopo, L., Ashton, J., Whitson, A., & Kasapis, S. (2017). Molecular interactions of 
milk protein with phenolic components in oat-based liquid formulations following UHT 
treatment and prolonged storage. Journal of the Science of Food and Agriculture DOI: 
10.1002/jsfa.8655 (2017). 
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Chapter 5 
Molecular interactions in UHT treated model beverages enriched 
with oat grains: Part 2 – Free fatty acids and volatiles 
 
Abstract  
 
The current work examines the significance of UHT processing and storage conditions (22 
and 30°C over twelve weeks) on the evolution of free fatty acids and lipid oxidation products 
from oat grains, and their interaction with added ingredients in the formulation. In doing so, 
model liquid foods of industrial interest were designed utilising finely milled oat particles, 
skim milk powder, sucrose and vegetable oil. Three major free fatty acids, i.e. palmitic, oleic 
and linoleic acids were detected across the entire range of preparations. Furthermore, 
processing and storage conditions led to the development of 2-pentyl furan and hexanal as the 
major lipid oxidation products. Storage temperature variation from 22 to 30°C has a minor 
effect on the composition of these microconstituents. However, twelve-week storage 
exhibited an increase in the level of free fatty acids and secondary oxidation volatiles at both 
experimental temperatures. Addition of milk protein reduces the detected content of free fatty 
acids and volatiles due to a direct interaction between these materials. The molecular nature 
of the interaction between added milk protein and lipid components of oat grain is of 
importance for the organoleptic consistency of beverage product concepts and is examined in 
some detail presently. 
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1. Introduction 
 
In the past decade or so, oat grain (Avena sativa) has gained considerable attention 
because of its health-promoting properties including the high content of dietary fibre and 
associated antioxidants (Cho, & Samuel, 2010). Dietary fibre considerations make the grain 
attractive for food applications, but its utilisation as a functional ingredient is often limited by 
the high lipid content that might lead to rancidity (Cognat et al., 2014). The content of lipid in 
oat grain has been shown to vary between 2 and 13% and such levels make the grain an 
excellent source of energy and unsaturated fatty acids (Bryngelsson et al., 2002; Kaimainen 
et al., 2012).  
Free fatty acid composition in oat grain is dominated by oleic, linoleic and palmitic 
acids, with linolenic and stearic acids being present in smaller amounts (Holland et al., 2001). 
Literature also reports the presence of other lipids including arachidic, lauric, lignoseric, 
nervonic, palmitoleic acids and the series of unsaturated C20 acids from 20:1 to 20:5 
(Martinez, Arelovich, & Wehrhahne, 2010). Clearly, FFA profiles influence the nutritional 
quality of oat grain and, in particular, palmitic acid is capable of protecting oil against 
peroxidation while linoleic and linolenic acids are essential fatty acids in human nutrition 
(Zwer, 2010). 
Oat lipids might be associated with the development of undesirable aroma as a result of 
hydrolytic or oxidative rancidity leading to the formation of undesirable compounds (Heinio 
et al., 2002). These are known as volatile secondary lipid oxidation products that include 
carbonyl compounds and alcohols, with the former being the primary culprit of rancid odour 
generation. Hexanal, heptanal, octanal, nonanal and decanal are examples of carbonyl 
compounds that are been reported to be found in oat flakes (Klensporf et al., 2008); hexanal 
is the most abundant and is used as an indicator of lipid rancidity in processed oats (Lehtinen 
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et al., 2003). 2-Pentyl furan is another potent volatile identified in thermally-treated oat 
products (Sides et al., 2001). Ultra high temperature has been shown to accelerate the 
development of these volatile compounds in several oat systems (Kaur et al., 2017). 
Designing oat-based formulations for food commonly requires the incorporation of 
other ingredients including protein, sugar, starch and vegetable oil to impart desirable texture 
and organoleptic properties. Added ingredients can interact with lipids to alter the 
composition of free fatty acid and volatiles in aqueous suspensions. Examples of such 
interactions include starch-lipid and protein-lipid complexation (Meynier et al., 2004; Lampi 
et al., 2015). Furthermore, Li et al. (2015) reported a specific association between bovine 
serum albumin and lipid peroxidation products, particularly aldehydes. Work implied that 
aldehydes react with the free amino groups of proteins leading to inter and intra-molecular 
cross-linkages that ultimately produce heterologous protein polymerization.  
Association of protein with lipid results from various molecular forces of covalent or 
non-covalent nature, with electrostatic and hydrogen bonding being the most prevalent 
(Zhang, & Hamaker, 2005). Hydrogen bonding is enhanced by the presence of water 
molecules, affects the carboxyl groups of fatty acids and the carbonyl groups of proteins, and 
occurs alongside Van der Waals forces involving non-polar lipid chains and non-polar amino 
acid side chains (Thachil, Chouksey, & Gudipati, 2014). As for the electrostatic bonds, they 
occur between positively charged protein residues below their isoelectric point and ionised 
fatty acids. Considering the intricate influence of added ingredients on the composition of 
free fatty acids and volatiles, this study aims to examine the evolution and molecular 
interactions of these compounds in model liquid foods subjected to UHT treatment at 
commercially relevant storage conditions (i.e. 22 or 30°C for twelve weeks).     
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2. Materials and Methods 
 
2.1.Materials  
Oat powder along with sucrose, oil, and skim milk powder were supplied by Sanitarium 
Health and Wellbeing Company (Cooranbong, Australia). The proximate nutritional 
composition of the oat powder , as equipped by the provisioner, is 16.8% protein, 60.2% total 
carbohydrate, 9.9% fat, 5.2% ash, 6.9% moisture and 1% total sugar. Total dietary fibre 
content of the oat particles is 29.3%, with the insoluble fraction constituting 80% of the fibre. 
Skim milk powder contains 34% protein, 54% total carbohydrate, and 1.3% fat. Oil is a blend 
of canola and sunflower (50:50) with 6.1% palmitic, 43.6% oleic, 47.9% linoleic and 2.4% 
stearic acid. Further, the oil contains antioxidant, i.e. mixed tocopherols.    
 
2.2.Methods  
2.2.1. UHT processing: Table 1 shows the ingredient formulation of various model oat 
based beverage samples. All the ingredients were blended at ambient temperature followed 
by homogenisation at a pressure of 3,000 psi. UHT processing employed an indirect system 
with a tubular heat exchanger (Hipex, Melbourne, Australia) at a temperature of 145±2°C 
with a holding time of 8 sec. Samples were instantly packed using laminar flow cabinet into 
sterile containers. They were stored at 22 and 30°C for a twelve-week shelf life study. 
Analysis was conducted in triplicate at 0, 2, 4, 8 and 12-week storage intervals. 
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Table 1. UHT model beverage formulations 
Formulation 
Oat particle 
(%) 
Skim milk powder 
(%) 
Sucrose 
(%) 
Oil 
(%) 
Water 
(%) 
A 5 0 0 0 95.0 
B 5 2.8 0 0 92.2 
C 5 0 0 1.8 93.2 
D 5 0 6.7 0 88.3 
E 5 2.8 6.7 0 85.5 
F 5 2.8 0 1.8 90.4 
G 5 0 6.7 1.8 86.5 
H 5 2.8 6.7 1.8 83.7 
Note: The levels of skim milk powder, sucrose and oil were selected based on the content of 
these components in commercial cereal-based beverages 
 
2.2.2. Sample pre-processing: For every storage lag, samples were centrifuged (3,000 rpm 
for 20 min) and the supernatant was removed. The wet precipitate was vacuum-dried at 37°C 
overnight, but around 3 mg was retained for volatile analysis prior to vacuum-drying. The 
dried precipitate was used for free fatty-acid analysis. 
 
2.2.3. Extraction of free fatty acids: These were determined by transfiguring the lipids into 
fatty acid methyl ester (FAME) using direct transmethylation method reported in AOAC 
(2000). In a 10 mL vial, around 30 mg of sample was added succeded by incorporation of 
hexane (2mL) and vortex mixing. Later, 1% H2SO4 (2mL) in methanol solution was added 
into the vial. Afterwards, 0.5 mL of heptadecanoic or margaric acid (1 mg/mL dissolved in 
hexane) as an internal standard was added followed by heating the screw capped vial on a 
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heating block (85°C) for 1 hr to facilitate the methylation reaction, i.e. formation of fatty acid 
methyl esters. Ones at ambient temperature, anhydrous CaCl2 (1 g) was added and mixed to 
expel any traces of water. Then samples remained undisturbed for 30 min and carefully the 
upper organic layer was collected in clean ampul for further analysis. 
 
2.2.4. Analysis of free fatty acids: A comprehensive GC X GC Agilent HP6890-FID series 
(Burwood, Australia) was used for free fatty acid analysis of our samples. The study 
employed two (1D and 2D) columns for lipid separation and the gas flow rates through each 
column were maintained at 24 and 0.3 mL/min respectively. The used column temperature 
settings was: 1 min at 100°C, increased by 10°C/min to 175°C, increased by 3°C/min to 
230°C, and finally kept constant for 8 min at 230°C. The carrier gas used was helium with an 
injection volume of 1 µL and a split ratio of 50:1. Both injection and detection temperatures 
were set at 230°C, with the modulation cyle was fixed to be 2.0 s and detection speed 
(frequency) was 200 Hz with 0.02 min offset. Quantification of the free fatty acids was 
carried out by comparing the peak area of the samples with that of the internal standard and 
the results are expressed as mg/g of sample. 
 
2.2.5. Dynamic interfacial tension measurements: The study applies the principle of drop 
profile analysis, which evaluates the co-ordinates of a liquid drop retrieved from a video 
image digital board connected to a computer by comparing these coordinates with the 
theoretical profiles calculated with the Gauss-Laplace equation (Liu et al., 2014). The 
dynamic interfacial properties of protein-lipid samples at pH 7 were measured using the 
pendant drop method on a drop profile tensiometer PAT-1 (SINTERFACE Technologist, 
Munich, Germany). The measurement chamber was directly linked to a syringe with the 
support of a plunger and a screw thread. The drop volume was kept constant at 10 mm
3
, with 
the temperature of the test chamber being thermostatted at 22±0.5°C using a circulating water 
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bath. Experimental data on the surface dynamic properties, as a function of time for protein-
lipid emulsions at oil-water interface, were obtained following the procedure described in Ali 
et al. (2016). Milli-Q water was used for system calibration. Sample preparation involves 
adding 0.5% (w/w; palmitic, oleic and linoleic acid) to 2.8 % (w/w) protein in Milli-Q 
ultrapure water, heated to 80°C in a water bath for 2 min, followed by continuous stirring at a 
constant speed.  
 
2.2.6. Particle size distribution and surface charge analysis determination: Particle size 
distribution of the protein-lipid emulsions was determined using a laser diffraction hydro MV 
instrument (Mastersizer 3000, Malvern Instruments Ltd., Malvern, UK). The following 
conditions were employed: refractive indices (obtained post refractometric measurement with 
Refracto 30-GS, Mettler Toledo, Switzerland) of 1.57 for milk protein, 1.43 for palmitic acid, 
1.45 for oleic acid, 1.46 for linoleic acid and 1.33 for dispersant (MilliQ water), and an 
absorbance coefficient of 0.001 at an applicable obscuration rate (i.e. the amount of laser 
beam as it penetrates through the emulsion being tested). Particle size is reported as volume 
mean diameter, d43= Ʃnidi
4
/Ʃnidi
3, where ni is the number of particles having di diameter. 
Laser diffraction results are reported on a volume basis, volume-weighted mean 
diameter d43 used in this study, which is more sensitive to the presence of larger particles 
compared to other mean diameters (Walstra, 2003). Samples were prepared by adding 0.5% 
(w/w) lipid phase (palmitic, oleic or linoleic acid, respectively) to 2.8% (w/w) milk protein 
solution, and subjected to a heating run in a water bath (80°C for 2 min) with continuous 
stirring at a constant speed.   
Zetasizer (ZS-90, Malvern Instruments Ltd., Malvern, UK) was used to measure the 
zeta potential (ζ) of the prepared emulsions. The instrument measures the velocity and the 
direction of the protein molecules under an electric field and returns their zeta potential using 
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the Smoluchowski model (Kirby et al., 2004). Measurements were carried out as per the 
procedure detailed in Lee et al., 2011. On average, five measurements were taken at ambient 
temperature (23°C±1).    
  
2.2.7. Fourier transform infrared analysis: Perkin Elmer Spectrum 100 FTIR spectrometer 
(Norwalk, CT) was used to produce spectra of palmitic, oleic and linoleic acids, hexanal, 
pentylfurans, milk protein, protein-lipid and protein-volatile complexes. Measurements were 
carried out in the range of 4000–450 cm− 1 with a resolution of 8 cm-1 and each spectrum was 
the result of 32 scans. Spectra were smoothed with a corrected baseline and major peaks for 
protein from skim milk powder, protein-lipid and protein-volatile complexes were resolved 
via a second derivative procedure within the 1700-1600 cm
-1 
spectral region using OPUS 7.5. 
Results were further deconvoluted with curve fitting via a Levenberg-Marquadt algorithm 
and the corresponding peaks of β-sheet (1640-1610 cm-1), α-helix (1660-1650 cm-1), turn 
(1680-1660 cm
-1) and β-antiparallel (1692-1680 cm-1) conformations were obtained. 
Gaussian function was used to measure the area of the peaks for the assigned component 
bands by adding and dividing with the sum of areas (Beauchemin et al., 2007). Sample 
preparation involves 50 µM of the respective lipid (palmitic, oleic or linoleic acid) and 
volatile (hexanal or 2 pentylfuran) in the presence of 30 μM protein solution (heated to 80°C 
in a water bath for 2 min) with continuous stirring for the formation of a homogenous system. 
   
2.2.8. Fluorescence spectroscopy: It was conducted with Perkin-Elmer (LS55) 
luminescence phosphorescence spectrophotometer (Norwalk, CT). The method records a 
decrease in the fluorophore spectra when a quencher is added to it, hence being a powerful 
tool to study the interactions between protein and ligands (D'Auria, 2008). The excitation of 
protein was measured at a wavelength (λex) of 282 nm, spectra were recorded over the range 
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of 300-500 nm, and the slit width was set to 3 nm for excitation and emission. Quantification 
of the interactions between milk protein-lipids (palmitic, oleic and linoleic acids) and milk 
protein-volatiles (hexanal and pentylfuran) was obtained through fluorimetric titration. A 
stock solution of protein (30 μM) was subjected to heating in a water bath at 80°C for 2 min. 
Samples containing 3 mL of the heated protein solution were mixed with either lipids or 
volatiles to attain a final ligand concentration of 50 µM (in 10 mM Tris-HCL buffer). In order 
to determine the nature of interaction between ligand (lipids and volatiles) and protein, 
similar experiments were conducted with the inclusion of 8 M urea, and samples were 
analysed using the same protocol. 
 
2.2.9. Analysis of volatile lipid-oxidation compounds: These were detected on a gas 
chromatography-mass spectroscopy (GC-MS) analytical instrument (HP 6890 GC system 
series with HP 5973 Mass selective detector) (Burwood, Australia) by employing solid phase 
micro extraction (SPME) technique. The analytical instrument was fitted with DB-5 column 
(30 m X 0.25 mm i.d., 0.25 µm film thickness) which was employed for separation. The 
column temperature was initially held at 50°C for 2 min, increased to 110°C at 10°C/min, to 
200 °C at 5.7°C/min, and finally to 250 °C at 40°C/min with a 5 min hold at 250°C. Helium 
with linear velocity of 40 cm/s was used as the carrier gas. The injection temperature was 
250°C. The used SPME fibre material was divinylbenzene/carboxen/polydimethylsiloxene 
(DCP) with a 50/30 µm coating held in an manual holder assembly with a needle size of 
24Ga (Supelco, Bellefonte, Pennsylvania, USA). 
Analysis was conducted according to the modified method reported by Kaur et al. 
(2017). Sample preparation involves heating 0.25 mg of the samples (acquired from Sec 
2.2.2) with manual SPME fibre assembly inserted in the sample headspace in a sealed 
amplues to 60°C. The absorption time was 20 min. Absorped volatiles were analysed by 
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thermal desorption program using GC-MS system. Individual elucidated volatile elements 
were determined using the GC-MS inbuilt directory (National Institute of Standards and 
Technology - NIST 11). Similar analysis was also conducted on the standards of specific 
malodorous moieties (hexanal, pentanal, pentyl furan, ethyl furan) for qualitative 
identification of their counterparts in model beverage samples from the respective retention 
time. 
 
2.2.10. Statistical analysis: IBM SPSS Statistic 23 software (IBM Corporation, Somers, NY) 
was used to perform analysis of variance (ANOVA) on the data. Tukey’s test was employed 
to compare the mean values, and differences between means were considered significant at p 
< 0.05. Analysis was performed in triplicates with standard deviation.   
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3 Results and Discussion 
 
3.1 Free fatty acids  
UHT processed model beverages with oat particles, skim milk powder, sucrose and oil 
in single or mixed formulations of increasing complexity are reproduced in Table 1. 
Determination of free fatty acids in these systems was carried out using a comprehensive 
two-dimensional (2D) gas chromatography (GC x GC) technique. It detected the presence of 
three major free fatty acids, i.e. palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid 
(C18:2). The unsaturated moieties of oleic and linoleic acids constitute a large portion of the 
total FFA at any observation point, as seen in Table 2. For unprocessed formulation A with 
5% oat powder in water, the levels of oleic, linoleic, and palmitic acid are 39.4, 37.7 and 
22.9% (w/w), respectively. Similar proportions have been documented in various oat 
cultivars (Yılmaz, & Dağlıoğlu, 2003; Liu, 2011). 
 
 
 
 
 
 
 
 
 
 
96 
 
Table 2. Content of FFA in model beverage samples during 12 week of storage at 22°C and 30°C 
  Unprocessed
a 
 Zero-Week
b
 2-Week 
2-Wk 30°C 
4-week 8-week 12-week 
   22°C 30°C 22°C 30°C 22°C 30°C 22°C 30°C 
Palmitic Acid (C16:0) in mg/g of sample 
Formulation A 15.2 ± 2.1 12.1 ± 1.8 13.8 ± 0.2 13.1 ± 0.1 15.5 ± 0.5 14.9 ± 3.7 17.3 ± 1.6 16.2 ± 0.9 19.8 ± 0.9 18.1 ± 2.4 
Formulation B 11.2 ± 1.5 8.6 ± 1.5 10.0 ± 0.6 11.4 ± 0.8 9.8 ± 1.1 09.2 ± 0.1 8.5 ± 0.6 8.5 ± 1.9 7.0 ± 3.0 6.8 ± 0.5 
Formulation C 25.0 ± 1.1 23.0 ± 3.2 20.0 ± 7.0 21.0 ± 1.5 19.0 ± 3.0 19.0 ± 3.7 17.0 ± 1.2 17.2 ± 0.9 16.0 ± 6.0 15.0 ± 4.0 
Formulation D 14.0 ± 1.4 12.5 ± 3.0 14.0 ± 2.0 15.0 ± 2.2 15.8 ± 1.5 14.3 ± 0.1 15.0 ± 4.0 14.2 ± 0.9 13.0 ± 2.0 11.2 ± 3.0 
Formulation E 6.8 ± 0.9 5.3 ± 1.7 5.7 ± 1.1 5.1 ± 0.5 4.2 ± 0.7 3.8 ± 0.5 3.3 ± 0.3 3.2 ± 0.9 2.1 ± 0.09 2.0 ± 0.9 
Formulation F 8.3 ± 0.9 6.6 ± 1.8 8.4 ± 2.5 9.2 ± 0.3 7.5 ± 1.4 7.1 ± 0.7 7.2 ± 1.8 6.7 ± 0.8 6.8 ± 1.1 5.9 ± 1.4 
Formulation G 17.6 ± 1.7 15.5 ± 2.1 17.5 ± 1.5 17.8 ± 1.8 15.8 ± 1.8 16.8 ± 1.5 13.5 ± 1.1  11.7 ± 0.9 11.9 ± 0.9 10.3 ± 1.1 
Formulation H 16.7 ± 1.6 12.8 ± 1.0 14.4 ± 2.1 13.8 ± 0.9 13.1 ± 1.1 16.5 ± 1.2 12.3 ± 1.8 12.6 ± 1.1 11.1 ±0.91 10.8 ± 1.5 
Oleic acid (C18:1) in mg/g of sample 
Formulation A 26.1 ± 1.3 23.1 ± 0.8  24.5 ± 1.2 23.6 ± 1.7 27.0 ± 1.7 26.4 ± 1.8 29.2 ± 1.1 28.1 ± 1.1 31.3 ± 2.1 30.2 ± 0.9 
Formulation B 20.7 ± 0.9 20.1 ± 1.1  20.4 ± 1.1 19.4 ± 2.0 18.4 ± 0.6 17.8 ± 0.5 16.2 ± 0.7 15.0 ± 1.0 15.4 ± 0.9 14.0 ± 1.3 
Formulation C 30.6 ± 1.0 28.1 ± 2.6 30.1 ± 1.8 29.2 ± 1.5 27.2 ± 0.6 26.0 ± 0.6 24.2 ± 0.8 23.4 ± 1.2 21.3 ± 0.3 20.6 ± 0.8 
Formulation D 23.5 ± 4.0 21.5 ± 5.0 23 ± 2.0 21.7 ± 1.1 21.3 ± 1.0 19.5 ± 2.0 18.3 ± 0.7 16.8 ± 1.0 16.1 ± 0.6 14.4 ± 1.0 
Formulation E 9.9 ± 1.0 9.6 ± 2.0 11.0 ± 1.0 11.4 ± 0.8 9.2 ± 0.9 8.5 ± 0.8 9.6 ± 0.7 9.5 ± 0.4 7.3 ± 0.9 7.0 ± 0.6 
Formulation F 18.9 ± 1.2 16.8 ± 2.4 18.2 ± 1.3 17.8 ± 0.7 17.1 ± 1.2 15.4 ± 0.5 14.7 ± 1.7 13.8 ± 1.5 13.4 ± .2 12.8 ± 0.4 
Formulation G 31.5 ± 1.6 28.0 ± 1.8 32.4 ± 1.2 31.8 ± 1.8 30.0 ± 2.2 28.5 ± 0.9 27.4 ± 1.3 24.2 ± 1.4 24.82 ± .5 22.3 ± 1.8 
Formulation H 30.8 ± 2.5 26.8 ± 0.9 28.4 ± 1.3 27.3 ± 0.9 26.8 ± 0.5 24.5 ± 1.1 24.6 ± 1.1 21.3 ± 1.3 21.88± 1.2 18.9 ± 1.4 
Linoleic acid (C18:2) in mg/g of sample 
Formulation A 25.0 ± 1.5 20.1 ± 0.9 22.1 ± 0.5 22.3 ± .05 23.9 ± 1.5 23.5 ± 3.2 25.8 ± 0.3 24.3 ± 2.1 27.1 ± 1.3 25.5 ± 0.6 
Formulation B 21.2 ± 1.1 18.6 ± 0.8 20.5 ± 1.3 21.4 ± 1.2 19.4 ± 0.9 18.9 ± 1.1 18.7 ± 1.0 18.4 ± 0.8 17.2 ± 0.8 16.9 ± 0.5 
Formulation C 44.0 ± 3.8 41.0 ± 1.0 48.0 ± 1.3 45.0 ± 3.5 46.0 ± 3.2 42.0 ± 2.2 42.0 ± 9.0 38.0 ± 3.0 35.0 ± 3.1 35.0 ± 7.0 
Formulation D 23.8 ± 3.8 20.4 ± 2.9 22.4 ± 1.5 22.1 ± 5.0 21.2 ± 3.0 20.3 ± 1.0 20.0 ± 7.0 19.3 ± 0.3 18.3 ± 1.9 18.2 ± 4.1 
Formulation E 12.4 ± 1.0 9.1 ± 2.4 13.5 ± 1.6 12.7 ± 0.6 11.6 ± 1.0 11.3 ± 0.8 9.1 ± 0.6 9.2 ± 0.6 8.1 ± 0.04 7.9 ± 0.02 
Formulation F 20.9 ± 0.8 17.4 ± 1.0 17.5 ± 1.8 18.4 ± 0.3 16.2 ± 1.0 16.8 ± 0.6 15.0± 1.8 14.8 ± 1.9 13.0 ± 0.03 12.4 ± 0.03 
Formulation G 33.3 ± 1.0 30.5 ± 0.7 32.5 ± 1.0 31.6 ± 0.5 29.1 ± 2.3 33.2 ± 1.2 26.6 ± 1.0 25.1 ± 1.0 22.7 ± 0.7 21.3 ± 0.9 
Formulation H 31.5 ± 0.9 28.6 ± 1.8 29.9 ± 1.2 26.9 ± 1.8 28.2 ± 0.9 29.1 ± 0.8 22.8 ± 0.8 21.4 ± 0.5 16.2 ± 2.1 15.8 ± 0.9 
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Total FFA
c
 in mg/g of sample 
Formulation A 66.3 ± 1.1 55.3 ± 1.7 60.4 ± 2.8 59.0 ± 1.5 66.4 ± 3.7 64.8 ± 2.2 72.3 ± 3.5 68.6 ± 3.1 78.2 ± 3.2 73.8 ± 3.4 
Formulation B 53.1 ± 1.4 47.3 ± 1.9 50.9 ± 1.3 52.2 ± 2.6 47.6 ± 2.7 45.9 ± 3.5 43.4 ± 1.2 41.9 ± 1.3 39.6 ± 2.1 37.7 ± 2.1 
Formulation C 99.6 ± 3.2 92.1 ± 2.8 98.1 ± 2.3 95.2 ± 5.2 92.2 ± 4.8 87.0 ± 3.7 83.2 ± 2.8 78.6 ± 3.4 72.3 ± 3.8 70.6 ± 3.4 
Formulation D 61.3 ± 1.2 54.4 ± 2.4 59.4 ± 2.1 58.8 ± 3.1 58.3 ± 2.8 54.1 ± 2.8 53.3 ± 2.1 50.3 ± 2.8 47.4 ± 2.1 43.8 ± 1.8 
Formulation E 29.1 ± 1.9 24.0 ± 1.4 30.2 ± 1.2 29.2 ± 1.2 25 ± 0.9 23.6 ± .04 22.0 ± 1.0 21.9 ± .04 17.5 ± .07 16.9 ± 0.1 
Formulation F 48.1 ± 2.2 40.8 ± 1.7 44.1 ± 0.1 45.4 ± 2.0 40.8 ± 1.1 39.3 ± 1.4 36.9 ± 1.4 35.3 ± 1.3 33.2 ± 0.9 31.1 ± 1.5 
Formulation G 82.4 ± 1.4 74.0 ± 2.5 82.4 ± 3.2 81.2 ± 3.8 74.9 ± 2.5 78.5 ± 3.5 67.5 ± 2.5 61.0 ± 2.5 59.4 ± 2.5 53.9 ± 2.4 
Formulation H 79.0 ± 1.1 68.2 ± 0.9 72.7 ± 3.4 68.0 ± 2.5 68.1 ± 3.4 70.1 ± 4.2 59.2 ± 4.3 55.3 ± 3.1 49.2 ± 3.4 45.5 ± 3.8 
a
Unprocessed samples are oat powder and other ingredients suspended in water (no thermal treatment) 
b
For zero-week samples analysis was accomplished 24-hrs post UHT processing 
c
Value of
 
total FFA is reported by the addition of individual palmitic, oleic and linoleic acid reported results 
Values are articulated as mean of triplicates ± sd 
 
 
 
 
 
 
 
The content of individual, hence total FFA, declines following UHT processing, for 
example, in formulation A from unprocessed (15.2 mg/g) to week zero (12.1 mg/g) samples. 
The decrease is due to UHT treatment being able to partially inactivate lipases, which are 
responsible for the hydrolysis of oat lipids into free fatty acids. Work by Heiniö et al. (2001) 
reported a similar effect of thermal processing on reducing the lipolytic activity of oat grain. 
Evolution of FFA during storage at two experimental temperatures is also given in 
Table 2. UHT-treated formulation A, containing only oat, demonstrates a positive 
relationship between free fatty acids and prolonged storage at our experimental temperatures. 
Levels increased from 55.3 to 78.2 mg/g for the zero and twelve-week samples at 22°C, and 
this outcome should be attributed to enzymatic hydrolysis (Head et al., 2011). In contrast, a 
negative effect on FFA was recorded for the remaining formulations (B, C, D, E, F, G and H) 
at both 22 and 30°C. For instance, we noted a decrease in total FFA in formulation B from 
47.3 to 39.6 mg/g for the zero and twelve-week samples, respectively, at 22°C. Findings 
suggest that the presence of added ingredients affects hydrolysis by retarding the kinetics of 
lipase activity. 
Given the above observations, this study also probes in some detail the influence of 
added ingredients, i.e. skim milk powder, sucrose and oil, on the FFA content of our systems. 
In the case of bi-component systems B and D, we observed lower levels of total FFA 
compared to the single oat system A at both experimental temperatures. Total free fatty acids 
of processed formulations A and B kept at 22 °C for two weeks are 60.4 and 50.9 mg/g, 
respectively. This is due to the presence of milk protein in formulation B, which has been 
reported to interact with lipids (Marion et al., 2003). In doing so, it forms viscoelastic 
membranes around lipids that protect them from oxidation initiators (Li et al., 2011). 
Regarding formulation D, the level of total FFA stored at 22°C for four weeks is 58.3 
mg/g, as compared to that in A (66.4 mg/g). This is attributed to a certain free-radical 
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scavenging capacity of added sucrose that assists in maintaining the integrity of triglyceride 
molecules in the aqueous suspension. Benjaku et al. (2005) argue that addition of sucrose in 
an aqueous system lowers the rate of lipid oxidation. The study reports that added sugar 
reduces the concentration of dissolved oxygen, increases the viscosity of the beverage and 
decreases the diffusion of reactive species to the droplet surface. 
 In contrast, we observed a higher amount of total free fatty acids in formulation C 
compared to A, although there is a negative trend in their evolution with storage time 
mentioned earlier. Thus, total FFA in processed samples kept at 22 °C for two weeks are 98.1 
and 60.4 mg/g for formulations C and A, respectively. This is due to the addition of 1.8% 
vegetable oil in the former, with the incorporation of antioxidant in the oil phase contributing 
to the negative trend in FFA evolution with time. 
Examination of the tri-component systems E and F reveals a lower content of total FFA 
compared to bi-component C and D systems because of the presence of milk protein in the 
former group. In contrast, tri-component system G exhibits higher levels of FFA than its tri-
component counterparts due to the oil addition and the absence of milk protein. For instance, 
the level of total FFA in processed samples stored at 22 °C for two weeks is 82.4 and 44.1 
mg/g for formulations G and F, respectively. 
Finally, investigation of the tetra-component formulation H supports the concept that 
protein addition results in lower levels of free fatty acids. Thus, formulation H with added 
protein demonstrates a total FFA of 49.2 mg/g for week twelve at 22 °C, whereas formulation 
G without added protein exhibits a total FFA of 59.4 mg/g under the same experimental 
conditions. Outcomes strongly support the occurrence of molecular interactions between milk 
protein and free fatty acids under UHT processing and subsequent storage. 
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3.2  Investigation of milk protein-lipid interaction using dynamic interfacial tension 
Formulated foods often consist of a lipid medium being dispersed in an aqueous phase 
to form oil-in-water (O/W) emulsions, e.g., milk, milk-based breakfast beverages, dips and 
salad dressings. These are thermodynamically unstable, due to the unfavourable contact angle 
between lipid and water molecules, resulting in a structural breakdown over time (Friberg et 
al., 2003). Surface-active molecules known as “emulsifier” are introduced to kinetically 
stabilise emulsions by providing a protective coating on the droplet surface to prevent 
aggregation and reduce interfacial tension (Arvanitoyannis, 2005). The latter has a 
considerable impact on physicochemical and sensory properties including flavour and 
consistency. Interfacial properties are determined by the concentration and type of interaction 
of any surface-active substance present, as well as by the events that occur before, during and 
after formation of the emulsion, e.g. layer-by-layer formation, competitive adsorption and 
complexation (Dickinson, 2003).   
Figure 1, shows the experimental transient dynamic interfacial tension (DST) data at 
the oil-water interface of thermally-treated single protein and protein-lipid (palmitic, oleic 
and linoleic acid) emulsions as a function of time that determines stability. Value for single 
protein (87.2 mN/m), is significantly high (p < 0.05) when compared to the protein/palmitic 
acid (80.8 mN/m), protein/oleic acid (61.9 mN/m) and protein/linoleic acid (47.5 mN/m) 
interfaces at any given experimental time. Protein/linoleic acid displayed the lowest DST 
among the protein-lipid systems. Findings suggest that free fatty acids possess the ability to 
migrate at the O/W interface and interact with the protein in the emulsion resulting in the 
formation of a protein-lipid adduct. The stability of protein-free fatty acid interface increases 
with the degree of unsaturation, as found earlier (Waraho et al., 2011).   
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Figure 1. Time evolution of the dynamic interfacial tension of () milk protein; () 
protein-palmitic acid; () protein-oleic acid and () protein-linoleic acid emulsions at 22°C. 
 
Thermal processing causes denaturation and molecular rearrangement of the protein, 
which allows interaction with the surrounding lipids. Diffusion and concentration of the lipid 
molecules next to proteins leads to a lower interfacial tension in the system. Thus protein-
lipid adducts decrease the content of free fatty acids as observed in Section 3.1. It has been 
reported that the presence of a bulky protein (e.g., casein) and surfactant (free fatty acids) at 
the emulsion interface hinders the ability of pro-oxidants (e.g. iron) present in the continuous 
phase to interact with the lipids within the droplet by providing a steric barrier between the 
oxidisable lipid and the pro-oxidant. Casein is capable of forming an interfacial layer, up to 
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10 nm thick, around the dispersed oil droplet (compared to 1-2 nm thick layer formed by 
whey protein) to increase the oxidative stability of the emulsion (Dalgleish, 1990). 
 
3.3 Droplet size of milk protein-lipid emulsion 
Droplet size in an emulsion has a strong impact on its stability against coalescence, 
flocculation or gravitational separation, optical properties (e.g. colour), the sensory attribute 
of creaminess and bulk viscosity (Boxall et al., 2012; Lad, & Murthy, 2013). Droplet size 
index (d43, μm) and specific surface area (SSA, m
2
/ml) value for various protein-lipid 
emulsions are shown in Table 3. They indicate a significant increase (p < 0.05) in the d43 
values with a corresponding decrease in the specific surface area of the emulsion droplet, post 
addition of lipid (palmitic, oleic and linoleic acid) to the protein solution. The droplet size 
increases from 20.82 μm (single protein matrix) to 35.48 μm (protein/linoleic acid matrix) 
with a simultaneous decrease in the specific surface area from 1.06 m
2
.cm
-3 
(single protein 
matrix) to 0.66 m
2
.cm
-3 
(protein/linoleic acid matrix).  
 
Table 3. Mean ± SD of particle size distribution indices (d43) and specific surface area of 
the various O/W emulsions  
Sample* Volume mean diameter 
d43(µm) 
Specific surface area 
(m
2
.cm
-3
) 
Milk protein 20.82 ± 0.92 1.06 ± 0.117 
Milk protein-palmitic acid 23.14 ± 0.65 0.93 ± 0.004 
Milk protein-oleic acid 28.18 ± 1.09 0.70 ± 0.006 
Milk protein-linoleic acid  35.48 ± 1.10 0.66 ± 0.020 
*All samples are processed at 80°C for 2 minutes prior analysis 
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        A larger droplet size has been associated with an improved oxidative stability in 
sunflower oil-bovine serum albumin emulsion (Lethuaut et al., 2002), triacylglycerol in fish 
and soybean oil emulsion (Azuma et al., 2009), and sunflower oil emulsion (Lee et al., 2011). 
A larger particle size corresponds to a smaller interfacial area, which hinders the interaction 
between bulk oil phase and water soluble pro-oxidant. Smaller surface area implies a lower 
proportion of oxidisable fatty acid chains found in the hydrophobic core of the droplet are 
exposed to the interface of oil-in-water emulsion (Gallier, & Singh, 2012). 
The presence of higher unsaturation in the acyl chain of linoleic acid creates more 
bends and kicks in the membrane that facilitate a higher lateral diffusion of the denatured 
protein and a relative increase in the emulsion droplet size (Teo et al., 2011). Therefore, 
proteins are adsorbed in a dissimilar pattern at the surface of the lipids in this investigation 
(palmitic, oleic and linoleic acids). A higher protein adsorption will lead to a thicker layer at 
the interface contributing in the evolution of large droplets. A thick layer of protein at the 
droplet interface counterbalances the availability of fatty acids to the pro-oxidant present in 
the aqueous phase to reduce lipid oxidation. This statement is congruent with results in the 
preceding section where the addition of protein resulted in evolution of lower levels of free 
fatty acids. Mosca et al. (2013) have also argued that the composition and thickness of the 
droplet’s surface layer in O/W emulsions plays a crucial role in controlling the oxidation of 
oil as it acts as a physical barrier towards the interaction of pro-oxidant with the oil phase.   
 
3.4  Droplet surface charge of milk protein-lipid emulsions  
A droplet in most emulsions possesses electrical charge due to the surface adsorption of 
molecules that are ionised (Roque, 2010). Electrical characteristics of a droplet are subject to 
the type of charged moieties and their concentration at the surface, as well as the physical 
properties and ionic composition of the surrounding phase. Droplet charge regulates the 
104 
 
nature of its interaction with the surrounding species of ions, macromolecules or colloidal 
particles and its behaviour under applied electrical field (e.g. electrophoresis). Droplet 
aggregation in many food emulsions is prevented by the addition of ionic emulsifiers that are 
adsorbed at their surface creating an electrostatic repulsion cloud to prevent high density 
gradients in close proximity (Tadros, 2013). 
Significant difference in the surface electrical characteristics is documented for the 
single protein systems and our O/W emulsions in Figure 2. The ζ-potential of the former (-
6.11±0.32 mV) is lower (p < 0.05) than the protein/palmitic acid (-19.34±0.42 mV), 
protein/oleic acid (-21.02±0.13 mV) and protein/linoleic acid (-28.1±0.29 mV) emulsions. 
The negative value of ζ-potential for protein indicates that the pH of its solution is well above 
pI, where the carboxyl groups are negatively charged and the amino groups are neutral hence 
imparting a global negative charge. Increasing values of ζ-potential indicate that addition of 
fatty acids to milk protein generates electrically stabilised assemblies.  
This electrical potential at the interface can be related to electrical conductivity of the 
single protein particle and the protein-lipid droplet layer. Table 4 reproduces the values of 
electrical conductivity, which are higher for the aqueous protein solution. They are directly 
related to ionic strength and this appears to be the lowest in the protein/linoleic acid 
emulsion. ζ-Potential of a droplet increases as the ionic strength decreases, due to the 
electrostatic screening effect (McClements, 2016), an outcome which further lends credence 
to the concept of stable milk protein-fatty acid complexes in relation to single protein 
dispersions.  
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Figure 2. Droplet surface charge/ζ-potential of (   ) milk protein; (   ) protein-palmitic acid; ( 
) protein-oleic acid and (  ) protein-linoleic acid emulsions at pH 7. 
 
 
Table 4. Measured specific electrical conductance of the droplets in various O/W 
emulsions  
Sample* Average conductance (mS/cm) 
Milk protein 0.301±0.031 
Milk protein-palmitic acid 0.224±0.048 
Milk protein-oleic acid 0.191±0.027 
Milk protein-linoleic acid 0.172±0.021 
*Samples are processed at 80°C for 2 minutes prior analysis 
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Thermal processing will denature the protein in its interaction with the fatty acids of 
this investigation. The latter possess distinct chemical and structural characteristics, i.e. 
saturated, unsaturated molecules and varying degree of unsaturation that will impact the 
interfacial adsorption of protein affecting the ζ-potential values (Petitpas et al., 2001; 
Gerrard, 2002). Complexes appear to be electrostatically stable, in particular for linoleic acid, 
as compared to single systems of milk protein (Figure 2). Literature reports that protein-
stabilized emulsions of bovine serum albumin-sunflower oil with a negative surface charge, 
i.e. similar to our results for protein-lipid assemblies, are more stable against oxidation than 
positively charged droplets (Villiere et al., 2005). 
 
3.5  Milk protein-lipid interactions under Fourier transform infrared spectroscopy 
To investigate the molecular nature of the interface between milk protein and lipids in 
our beverage matrices, FTIR spectroscopy was undertaken. It is a dynamic technique for 
probing changes in the secondary structure and dynamics of proteins hence being able to 
locate and resolve the structural bands of α-helix, β-sheet, β-turn and random coil. Recurrent 
components of protein result in 9 characteristic IR bands, specifically, amide I-VII, A, and B, 
with amide I and II being the most prominent vibrational modes of the protein backbone. 
Amide I (1700-1600 cm
-1
) arises from the C=O stretching vibration of peptide linkages 
(about 80%) and amide II occurs from C-N stretching vibrations (18-40%) and N-H bending 
(40-60% in-plane energy) (Kong, & Yu, 2007).  
FTIR spectra of protein and protein-lipid complexes are shown in Figure 3. Processed 
protein sample displays strong peaks between wavelength 1800-600 nm with bands at amide 
I (1655 cm
-1
) and amide II (1540 cm
-1
) (Figure 3a). Analogous spectrum of palmitic acid is 
characterised by sharp peaks at 2930 and 2858 cm
-1
 due to asymmetric and symmetric 
vibrations of the acryl group and 1700 cm
-1
 due to carboxylic acid functionality in Figure 3b 
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(Caba et al., 2012). Oleic acid shows features at 2924 and 2856 cm
-1
 due to asymmetric and 
symmetric vibrations of the acryl group and 1743 cm
-1
 due to the carboxylic acid 
functionality in Figure 3c (Poulenat et al., 2003). Linoleic acid spectra display prominent 
peaks at 2935 and 2863 cm
-1
 due to asymmetric and symmetric vibration of the acryl group 
and 1754 cm
-1 
due to the carboxylic acid functionality in Figure 3d (Roach et al., 2002). 
FTIR spectra of protein-lipid complexes are also detailed to establish changes in the 
structural fingerprints post combining the two moieties. Clearly, addition of lipids to the 
protein solution generates considerable alteration in molecular patterns, with spectra being 
shown in Figures 3e to 3g.  A significant shift in band frequencies and a decrease in 
intensities of amide I and amide II in the difference spectra (nearly 6.0%) is observed for the 
binary complexes when compared to the protein signal. Results indicate that lipids interact 
with the C-N and C=O and subunits of the macromolecule resulting in conformational 
rearrangement of the polypeptide carbonyl groups.  
Spectra of protein-lipid matrices display a band at ~1741 cm
-1
, which is assigned to the 
carbonyl (from COOH) stretching group indicating the presence of lipid molecules in the 
material; the carbonyl group is usually absorbed at 1770 and 1710 cm
-1
 (Guillen, Ruiz, & 
Cabo, 2004). In protein-lipid difference spectra for amide I region, the peak shifts from 1655 
to 1653 cm
-1
 irrespective of the degree of unsaturation in lipid. In amide II region, the shift 
was from 1540 cm
-1
 (protein only) to 1538 cm
-1
(protein-oleic acid), 1537 cm
-1
 (protein-
linoleic acid), with no changes being observed for the protein-palmitic acid solution.        
Second derivative resolution and curve-fitting analysis of the FTIR spectra for the milk 
protein and its lipid adducts was undertaken in Table 5. The former is made of 34% α-helix, 
41% β-sheet, 20% turn and 5% β-antiparallel conformation. Upon interaction with lipids, a 
major decrease of α-helix to 31% (protein-palmitic acid), 25% (protein-oleic acid) and 21% 
(protein-linoleic acid) with a minor increase in β-sheet to 42% (protein-palmitic acid), 43% 
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(protein-oleic acid) and 45% (protein-linoleic acid) was observed. Turn structure changed to 
22% (protein-palmitic acid), 25% (protein-oleic acid) and 28% (protein-linoleic acid), while 
β-antiparallel structure increased to 6% in protein-oleic acid and protein-linoleic acid. These 
structural changes suggest that upon the inclusion of lipids, the secondary structural 
components of milk protein undergo a significant transformation (p < 0.05). Previous studies 
have reported the interaction of lipids with bovine serum albumin and human serum albumin 
to conclude that lipids decrease the amount of α-helix with a parallel increase in the β-sheet 
structure of the protein molecule (Charbonneau & Tajmir-Riahi, 2010). 
 
Table 5. Second-derivative resolution of FTIR spectra for milk protein and milk 
protein-lipid complexes in emulsions at pH 7 (with standard deviation of ±1%) 
Secondary Structure Analysis (%) 
Amide I components 
(cm
-1
) 
Milk 
protein* 
Milk protein-palmitic 
acid complex minus 
palmitic acid* 
Milk protein-oleic 
acid complex 
minus oleic acid* 
Milk protein-
linoleic acid 
complex minus 
linoleic acid* 
α-helix (1650-1660) 34 31 25 21 
β-sheet (1610-1640) 41 42 43 45 
turn (1660-1680) 20 22 25 28 
β-anti (1680-1692) 5 5 6 6 
*All samples are processed at 80°C for 2 minutes prior to analysis 
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Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. FTIR spectra for (a) pure milk protein, (b) pure palmitic acid, (c) pure oleic acid, 
(d) pure linoleic acid, (e) spectrum of protein-palmitic acid complex minus palmitic acid (50 
µM), (f) spectrum of protein-oleic acid complex minus oleic acid (50 µM), (g) spectrum of 
protein-linoleic acid complex minus linoleic acid (50 µM). 
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3.6  Recording milk protein-lipid interactions with fluorescence spectroscopy  
Emission of intrinsic fluorescence, post absorption of ultraviolet light, by the protein 
residues of phenylalanine, tryptophan and tyrosine makes UV-fluorescence a useful tool for 
determining the interaction of a protein with ligands (Yuan et al., 2007; Eftink, 2006). The 
difference in the emission spectra of protein residues, especially tryptophan, is commonly 
employed to analyse molecular interactions (Alzagtat, 2002). 
Fluorescence spectra of single milk protein and milk protein-lipids matrices are shown 
in Figure 4a. Milk protein exhibits a classic fluorescence spectrum with a maximum emission 
at 340 nm (emission region of tryptophan). A decrease in the protein fluorescence due to the 
addition of other molecules is classified as fluorescence quenching (Tian et al., 2004). 
Following addition of lipids, the fluorescence intensity of protein is reduced. For example, 
the maximum fluorescence intensity decreased from 10.5 (a.u., single protein) to 5 a.u. for 
protein-linoleic acid.        
Complexation of protein with oleic and linoleic acids shifts the maximum emission 
band to a higher wavelength (360 nm), but this is not the case in protein-palmitic acid 
samples that exhibit maximum emission at 340 nm. Results indicate that the unsaturated fatty 
acids interact differently with tryptophan residues reflecting conformation changes in the 
protein structure, and similar patterns have been reported for palmitic and oleic acid 
interactions with bovine α-lactalbumin and β-lactoglobulin (Barbana et al., 2006; Muresan et 
al., 2001). 
 The study also probes the nature of molecular interactions in protein-lipid complexes 
by exposing them to urea, a compound which is capable of destabilising hydrogen bonds 
between the hydrophilic moieties (Rohn et al., 2004). Results are shown in Figure 4b 
demonstrating minute changes in the fluorescence emission intensity for protein-oleic acid, 
protein-palmitic acid and protein-linoleic acid spectra after the addition of urea. This outcome 
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indicates that adducts formed between milk protein and fatty acids in our model beverages 
are mainly of covalent nature moderately supported by hydrogen bonding.   
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Figure 4. (a) Fluorescence emission spectra of protein-lipid complexes for (1) free milk 
protein (30 μM), (2) protein (30 μM) with palmitic acid (50 μM), (3) protein (30 μM) with 
oleic acid (50 μM), (4) protein (30 μM) with linoleic acid (50 μM), and (b) effect of 8 M urea 
on protein-lipid complexes for (1) protein (30 μM) with palmitic acid (50 μM), (2) protein (30 
μM) with palmitic acid (50 μM) plus urea, (3) protein (30 μM) with oleic acid (50 μM), (4) 
protein (30 μM) with oleic acid (50 μM) plus urea, (5) protein (30 μM) with linoleic acid (50 
μM) and (6) protein (30 μM) with linoleic acid (50 μM) plus urea.  
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3.7  Volatiles  
Liberation of free fatty acids, as demonstrated in the preceding sections, is responsible 
for the formation of volatiles, particularly carbonyl compounds, which are often affiliated 
with the rancid flavour of oat-based products (Lehtinen et al., 2003). Hexanal is the most 
abundant carbonyl compound with low aroma threshold and it was prevalent in our work 
(results not shown here) followed by 2-pentyl furan, a major non-carbonyl volatile (Parker et 
al., 2004). Identification and quantification of the volatile compounds was carried out in this 
study using GC-MS.  
UHT processing promotes lipid oxidation in the oat system A indicated by the increase 
in the content of both volatiles. For example, the relative peak area of hexanal increases from 
4.1×10
6
 in unprocessed to 4.4×10
6
 in zero-week samples in Figure 5a. The relative peak 
intensity of 2-pentyl furan changes from 1.9×10
6
 in unprocessed to 2.2×10
6
 in zero-week 
samples in Figure 5b. In contrast, the two volatiles undergo distinct behaviour following 
UHT processing in the remaining formulations (B to H), i.e. the content of hexanal decreases 
but that of 2 pentyl-furan increases. In formulation B, for example, the peak intensity of 
hexanal drops from 2.0×10
6
 in unprocessed to 1.6×10
6
 in zero-week samples (Figure 5a), 
whereas that of 2-pentyl furan rises from 1.5×10
6
 in unprocessed to 1.7×10
6
 in zero-week 
samples (Figure 5b). 
A trend of reduced hexanal content after thermal treatment has been previously reported 
by Sides et al. (2001). It has been attributed to the structural change and chemical 
modification of lipids as they form complexes with added ingredients, primarily milk protein, 
hence returning a lower amount of oxidative volatiles in the beverage matrix (Mestdagh et 
al., 2011). However, extended storage at ambient temperature increases the content of both 
volatiles across all formulations, which is in accordance with the report by Lampi et al 
(2015). For instance, the relative peak area of hexanal and 2-pentyl furan in formulation C 
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increases from 5.3×10
6
 to 7.3×10
6
 and from 2.3×10
6
 to 5.8×10
6
, respectively, from week zero 
to twelve, respectively. This trend is also reproducible at 30°C (data are not shown here), and 
is associated with the oxidation of the unsaturated oleic and linoleic acids. 
It appears that the presence of skim milk powder in formulations has a considerable 
impact on the content of volatiles during 12-week storage at ambient temperature. Starting 
with formulation A in the absence of the protein, we observe a relatively high level of 
hexanal (4.1×10
6
 in week zero) that develops to 6.7×10
6 
in week twelve. In formulations 
where milk protein was used, levels of hexanal stayed low by comparison, i.e. from 1.6×10
6
 
to 2.7×10
6 
in formulation B, 2.5×10
6
 to 4.8×10
6
 in formulation E, 2.1×10
6
 to 5.1×10
6
 in 
formulation F and 2.1×10
6
 to 5.6×10
6
 in formulation H (weeks zero to twelve in Figure 5a). 
Similar outcome was recorded for 2-pentyl furan with the relevant peak area at 22°C over 
the storage period of 12 weeks was larger in the absence of milk protein, as follows: 
2.0×10
6
 to 5.4×10
6
 in formulation A, 1.6×10
6
 to 4.8×10
6 
in formulation B, 1.6×10
6
 to 
4.2×10
6
 in formulation E, 1.7×10
6
 to 4.4×10
6
 in formulation F, and 1.9×10
6
 to 4.7×10
6
 in 
formulation H (Figure 5b). Besides the protein/fatty acid complexation, this outcome could 
be due to the interaction between nonpolar volatiles and milk protein that unfolds with heat to 
expose buried hydrophobic residues, and it will be examined next (Kühn et al., 2006).  
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Figure 5. Relative peak area for (a) hexanal and (b) 2-pentyl furan of formulations A, B, C, 
D, E, F, G, and H stored at 22°C for 12 weeks (values are articulated as mean of triplicates ± 
and the error bars represent the sd). Unprocessed are samples without UHT processing. Zero-
week samples analysis was accomplished 24-hrs post UHT processing. 
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3.8  Milk protein-volatile interactions recorded with FTIR 
Understanding the conformational changes and interactions in the binary system of 
milk protein with hexanal or pentylfuran can be facilitated with FTIR. In doing so, the protein 
displays strong peaks at amide I (1655 cm
-1
) and amide II (1540 cm
-1
) regions in Figure 6a. 
Pure hexanal in Figure 6b displays an O-H band (3447 cm
-1
), C-H stretch (3000-2600 cm
-1
) 
and strong C=O stretch (1800-1600 cm
-1
) (Garland et al., 2006). The analogous spectrum of 
2-pentylfuran in Figure 6c is characterised by peaks at 3000-2600 cm
-1
 arising due to C-H 
stretching, 1600 cm
-1 
from C=C stretching, 1270 cm
-1
 (C-O-C vibration) and at 1050 cm
-1
 due 
to C-O stretching (Ceppatelli et al., 2003).  
Difference spectra of milk protein with hexanal or pentylfuran minus the appropriate 
volatile are also studied to monitor possible conformational changes. In the presence of 
hexanal, peak shifts and the overall negative feature are discernible for amide I and II regions 
at 1653  cm
-1 
and 1538 cm
-1
, respectively (Figure 6d). The negative feature suggests that 
hexanal interacts with C=O and C-N groups in the protein subunits. Similar changes in the 
infrared spectra have been reported for the amide I region in numerous protein-ligand 
complexes where there were major protein conformational changes (Hasni et al., 2011).  
There is no alteration in the FTIR spectra of protein-pentylfuran solutions to argue for 
relocation of the polypeptide carbonyl-bonding arrangement, hence confirming the absence 
of direct associations in Figure 6e. Previous reports also indicated nonspecific associations 
between β-lactoglobulin and furans, as the analysed systems returned a lower value of 
binding constant. This is attributed to the presence of a few and short hydrophobic side chains 
at the furan ring that don’t facilitate hexanal type associations with protein (Reiners, 
Nicklaus, & Guichard, 2000). 
Deconvolution with second-derivative resolution and curve fitting was undertaken for 
the amide I absorption band to determine changes in the protein secondary structure in the 
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presence of hexanal. Figures 7(a-b) reproduce a quantitative segment of the protein’s 
secondary structure with or without the volatile. It can be concluded that as hexanal is added 
to the protein solution, the structural components of the protein molecule change significantly 
(p < 0.05). For example, this reflects changes in α-helix (from 34 to 26%) and β-sheet (from 
41 to 38%) of the protein and its complexed variant with hexanal.  
 
Figure 6. FTIR spectra for (a) pure milk protein, (b) pure hexanal, (c) pure 2-pentylfuran, (d) 
spectrum of protein-hexanal complex minus hexanal (50 µM), (e) spectrum of protein-2-
pentylfuran complex minus 2-pentylfuran (50 µM).  
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Figure 7. Second-derivative resolution and enhanced curve-fitting of the FTIR spectrum for 
the amide I region (1700-1600 cm
-1
) in (a) pure protein, (b) protein-hexanal complex minus 
hexanal (5 mM).  
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3.9  Milk protein-volatile interactions monitored with fluorescence spectroscopy 
Figure 8a illustrates the fluorescence spectra characteristic of a single protein as well as 
protein-volatile systems. The former exhibits typical fluorescence spectra with a maximum 
emission at 340 nm, which is the emission region of tryptophan dominating the UV region. 
The presence of co-solute in close proximity to protein leads to the formation of complexes, 
which decrease its maximum fluorescence. It appears that only hexanal is capable of 
quenching the protein fluorescence emission forcing a shift in the spectral band, whereas the 
presence of pentylfuran leaves the protein fingerprint unaffected.  
Thus maximum fluorescence intensity in protein is reduced from about 10.6 to 2.2 a.u. 
in the protein-hexanal complex. Moreover, formation of the new fluorophore is associated 
with a significant shift in the maximum emission band from a lower (340 nm) to higher (410 
nm) wavelength in Figure 8a. A similar phenomenon of decreasing fluorescence and 
rightward shifting in wavelength has been reported for hexanal and t-2-hexenal upon 
interaction with whey protein and sodium caseinate (Meynier et al., 2004). They also 
reported that the spectral characteristics depend on the type of aldehyde and the protein 
present in the matrix.           
The hydrogen-bond breaking properties of urea amongst hydrophilic groups (Wang, & 
Somasundaran, 2007) are also utilised in this study to examine the nature of interaction 
between protein and volatiles. In the presence of hexanal, a relatively small decrease in the 
tryptophan fluorescence intensity is shown in Figure 8b accompanied by an unaltered 
wavelength band. This outcome further supports the statement in this work for strong 
covalent associations between milk protein and hexanal supported partially by hydrogen 
bonding. 
We have also argued that milk protein does not interact with pentyl furan and, 
therefore, the presence of urea does not affect the dynamics of the “inert” composite, with 
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fluorescence intensity and spectral band remaining the same in aqueous or urea based 
solutions (Figure 8b). Rampon et al. (2001) reported that interfacial proteins (e.g. bovine 
serum albumin) can interact with lipid oxidation products such as aldehydes but not furans. 
Adducts from aldehydes and proteins lead to a decrease in volatility of the lipid oxidation 
products yielding improved sensory properties in processed foodstuffs (Caprioli et al., 
2009).      
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Figure 8. (a) Fluorescence emission spectra of protein-volatile complexes for (1) free milk 
protein (30 μM), (2) protein (30 μM) with hexanal (50 μM), (3) protein (30 μM) with 
pentylfurans (50 μM), and (b) effect of 8 M urea on protein-volatile complexes for (1) protein 
(30 μM) with hexanal (50 μM), (2) protein (30 μM) with hexanal (50 μM) plus urea, (3) 
protein (30 μM) with pentylfuran (50 μM), (4) protein (30 μM) with pentylfuran (50 μM) 
plus urea.  
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4 Conclusions    
 
A diet composed of oat based ingredients has been linked to various health benefits, but 
the microconstituents of the grain, in particular free fatty acids and lipid oxidation 
compounds, can impart an adverse effect on the quality characteristics of the end product. 
This study was undertaken in an effort to understand the impact of added ingredients on the 
composition of free fatty acids and volatile secondary lipid oxidation products in oat based 
model beverages subjected to UHT treatment under distinct storage conditions. Variation in 
storage temperature from 22 to 30°C, following UHT treatment, has limited impact on the 
composition of free fatty acids and volatiles. In contrast, there is an increase in the content of 
free fatty acids during subsequent storage for twelve weeks. Furthermore, results suggest that 
covalent interactions between unsaturated fatty acids from oat grain and added milk protein 
considerably lower related oxidation rates. This is confirmed by additional work that unveils 
covalent bonding and complexation between hexanal and milk protein in model beverage 
systems.  
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Chapter 6 
Combined spectroscopic, molecular docking and quantum 
mechanics study of -casein and p-coumaric acid interactions 
following thermal treatment 
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molecular docking and quantum mechanics study of β-casein and p-coumaric acid 
interactions following thermal treatment. Food Chemistry, 252, 163-170. 
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Chapter 7 
Conclusions and future work  
 
The objective of this chapter is to covers the conceptual basis that led to this PhD work, 
summary of findings attained from this work, and suggestions for future research.  
 
1 Conceptual basis of this research 
 
The lifestyle of world population, including Australia, has changed considerably in the 
last few decades. People tend to eat more energy-dense foods and lead a sedentary style of 
living. This prompted a rise in the chronic health diseases such as diabetes, cancer and heart 
disease, which are the prevalent cause of poor health and premature death for many 
Australians. According to the latest statistics, most of the Australian adults (63%) are obese 
or overweight - 45% of which are obese according to the Australian Bureau of Statistics, 
2015a. It was also stated that the percentage of overweight or obese adults increased 7% in 
the past two decades. A lack of regular physical activity and good nutrition are considered as 
the main risk factors of unhealthy weight. Recent reports showed that most Australian adults 
(95%) and children (98%) did not consume the recommended intakes of fruit and vegetables 
(Australian Bureau of Statistics, 2015b). Therefore, a healthy diet, accompanied by regular 
exercise, can serve as an effective preventative measure for people suffering from overweight 
or obesity (Australian Institute of Health and Welfare, 2016). 
A diet incorporating dietary fibre from wholegrain, notably oat, is attracting considerable 
interest from consumers in recent years since their consumption has been associated with a 
lower cholesterol level and decreased incidence of heart disease (Dhingra, Michael, Rajput, 
& Patil, 2012). The cholesterol-lowering effect of oat dietary fibre is mainly attributed to its 
soluble fraction comprising mainly β-glucan (Tapola & Sarkkinen, 2009). Besides the soluble 
fibre, the insoluble fraction possesses significant health benefits and constitutes a larger 
proportion of the oat dietary fibre compared to the soluble counterpart (Manthey, Hareland, 
& Huseby, 1999). Studies have shown a positive association between the insoluble oat fibre 
and a reduced risk of cardiovascular disease (CVD) and diabetes (Isken, Klaus, Osterhoff, 
Pfeiffer, & Weickert, 2010; Threapleton et al., 2013). These effects are due to the various 
phytochemicals found in oat insoluble fibre that can protect the human body against oxidative 
stress, which is implicated in the development of the aforementioned health issues. It is 
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understood that most of the phytochemicals in wholegrain oat are bound to the insoluble cell 
wall elements such as lignin, cellulose and hemicellulose. For instance, arabinoxylans, a type 
of hemicellulose, has a phenolic compound called ferulic acid attached to their arabinose 
residues (Sapirstein, 2016). 
Despite the vast health advantages of insoluble fibre, for technological reasons, the food 
industry has, until recently, been incompetent to include adequate quantities of insoluble fibre 
in bevarge formulations. Complications range from the evolution of malodorous flavours, 
upon high temperature processing and consequent storage, to sedimentation issues following 
the fibre addition to the complex matrices of beverages (Alqahtani et al., 2014). Earlier 
research work argued that commercial processing has a profound impact on phytochemicals 
leading to an adverse effect on the overall food product quality (Coghe, Benoot, Delvaux, 
Vanderhaegen, & Delvaux, 2004), and this may be exacerbated by the formation of rancid 
aroma during ambient storage as a result of the lipid oxidation process (Lehtinen, Kiiliäinen, 
Lehtomäki, & Laakso, 2003). Processing difficulties are compounded by the shortfall of 
elementary understanding on the interactions between insoluble dietary fibre and co-solute, 
notably proteins whose polyelectrolyte behaviour is altered considerably within the pH of 
interest (~7.0 to 4.0) during liquid manufacture.  
 
2 Conclusions 
 
To address the above gaps in fundamental knowledge leading to a sound industrial 
application, this PhD project began, with the support of Sanitarium Health and Wellbeing 
Company and ARC Linkage funding, by investigating the components in oat dietary fibre 
that possess health-promoting properties, in particular, phytochemicals, which exhibit strong 
antioxidant properties, e.g. phenolic acids and avenanthramides. In doing so, liquid 
suspensions of wholegrain oat were prepared and subjected to an advanced thermal 
processing, i.e. ultra-high temperature (UHT) process, and subsequent storage. This thermal 
treatment, along with prolonged storage at distinct temperatures, is essential for mimicking 
the processing condition commonly used by food industry in order to yield realistic 
information on changes that might occur to the phytochemicals in commercial food products. 
Identification and evolution of microconstituents in wholegrain oat, i.e. phenolic compunds, 
unsaturated fatty acids and secondary lipid oxidation products, was achieved by employing 
robust extraction protocols and analytical techniques including Folin-Ciocalteu (FC) method, 
high-performance liquid chromatography (HPLC), comprehensive two-dimensional gas 
134 
 
chromatography (GCxGC) and gas chromatography coupled with mass spectroscopy (GC-
MS). 
Ferulic acid serves as the predominant phenolic acid in the liquid preparations of 
wholegrain oat followed by p-coumaric acid. Besides these phenolic acids, the presence of 
avenanthramides, which are exclusive to oat, in our liquid preparations are recorded, with 
avenanthramides A, B and C being the main constituents (Peterson, Hahn, & Emmons, 2002). 
Results demonstrated a diminishing effect of the UHT process, which occurred immediately, 
on the content of these phenolic compounds– an outcome that indicates considerable phenolic 
degradation in oat based liquid systems. Such event can lead to a formation of volatile 
compounds that are malodorous in nature (Arrieta-Baez et al., 2012). A further examination 
was then carried out to follow the evolution of these phenolic compounds over three-month 
storage at ambient (22C) and elevated temperatures (40C). The above observations 
highlighted the distinct impact of ambient and elevated storage conditions on the intensity of 
these compounds, with the former enhancing them, whereas the opposite trend was noted for 
the latter. 
Besides phenolic compounds, we felt the need to look at other microconstituents in 
wholegrain oat, i.e. free fatty acids, which are the source of rancid aroma often encountered 
in oat based liquid products (Head et al., 2011). Palmitic acid, oleic acid and linoleic acid 
were detected as the major free fatty acids and their levels were examined as a function of 
storage time and temperature. Increasing the temperature from ambient (22°C) to 40°C, i.e. a 
reachable temperature during warehouse storage of liquid products in the summer or in 
tropical climates, distinctly affects the intensity of free fatty acids during a three-month 
storage period. This argues for lipid hydrolysis being the major process at ambient condition 
whereas lipid oxidation dominates at the elevated temperature presently examined. Such 
event is confirmed with greater formation of lipid volatile compounds, i.e. hexanal and 2-
pentyl furan, at 40°C. 
Commercial liquid food formulations often contain other micro- and macromolecules 
besides dietary fibre, e.g. dairy proteins, lipids and sugars, to aid processing, and as such 
might promote numerous molecular interactions leading to changes in organoleptic 
consistency (Le Bourvellec & Renard, 2012). To further study this possible outcome, a series 
of model beverages composing skim milk powder, sugar (sucrose), oil and wholegrain oat 
were prepared, and changes in the content of phenolic acids and avenanthramides were 
monitored following UHT processing and subsequent product storage. Milk protein addition 
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resulted in a significant decrease in the intensity of the above phenolic compounds – 
indicating strong associations between protein and phenolic moieties. Immediately, questions 
arose as to the nature of those interactions and their influence on the bio- and techno-
functionality of the model food beverages. That was followed up by examining in detail the 
physicochemical characteristics of milk protein-phenolic acid solutions after UHT processing 
via a number of spectroscopic methods, including ultraviolet-visible spectroscopy (UV-vis), 
Fourier transform infrared spectroscopy (FTIR), fluorescence spectroscopy and circular 
dichroism (CD).  
For the first time, it was shown that the high temperature of the UHT process facilitates 
formation of covalent associations between milk protein and phenolic acid, with hydrogen 
bonds and hydrophobic interactions playing a supportive role. Earlier work has been 
conducted mainly at ambient conditions (or lower temperatures) where non-covalent 
interactions dominate the protein-phenolic associations (Kanakis, Hasni, Bourassa, Tarantilis, 
& Polissiou, 2011; Prigent et al., 2003; Zhang et al., 2014). Our results also suggest a 
considerable reduction in the ordered structure of the macromolecule due to these covalent 
associations – an outcome which reflects the formation of an open protein conformation that 
aids binding of the phenolic compound. 
Following the aforementioned findings of milk protein-phenolic associations, we 
extended the work to research the interactions between milk protein and free fatty acids. As 
for the protein-phenolic study, model beverages were prepared containing skim milk powder, 
sucrose, oil (a 50/50 mixture of canola and sunflower oil) and wholegrain oat. We then 
followed the changes in major free fatty acids (palmitic acid, oleic acid and linoleic acid) and 
lipid oxidation volatiles (hexanal and 2-pentyl furan) after UHT treatment and prolonged 
storage. The decrease in the content of free fatty acids following addition of milk protein 
strongly suggests covalent interactions between the protein and the free fatty acids, mainly 
unsaturated moieties, from wholegrain oat. It is expected that such complexation is able to 
lower the rate of lipid oxidation (Mestdagh, Kerkaert, Cucu, & De Meulenaer, 2011), and this 
was confirmed in our  study by the presence of a lower amount of lipid volatiles in model 
beverages. 
This PhD study is further advanced by examining the mechanism of the above 
interactions at a microscopic level, including the determination of binding sites and amino 
acid residues participated in the complexation, following the high temperature UHT treatment 
(Czubinski & Dwiecki, 2017). In doing so, β-casein and p-coumaric acid were selected as the 
model protein and a model phenolic compounds, respectively, which upon heating at a UHT 
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conditions formed complexes via covalent bonds supported by hydrophilic and hydrophobic 
interactions. Using molecular docking studies and quantum calculations, the lysine (Lys) at 
position 47 of the β-casein molecule was determined as the most likely amino acid residue to 
interact covalently with p-coumaric acid. This involves the N-terminal of the protein 
backbone and the aromatic ring of the phenolic acid. In addition, it appears that the 
complexation adversely affects the extent of order in the protein molecule, which is reflected 
by a reduction in the α-helix and β-sheet and a rise in the turn and random coil 
conformations, an outcome that argues for a substantial process of protein unfolding. These 
results provide insights into the influence of commercial processing in inducing chemical 
modifications of food ingredients and their subsequent implications on the physicochemical 
properties and bio-functionality of processed foodstuffs, a subject of considerable current 
interest both at fundamental and technological grounds (Hasni et al., 2011). 
   
3 Future research 
 
This study provides the groundwork for understanding the molecular interactions among 
food ingredients often found in oat based food formulations with reference to industrial 
thermal processing and extended conditions of storage. In order to further advance this field 
of fundamental research that translates directly to innovative product development, it would 
be interesting to examine the molecular interactions of milk proteins and phenolic acids as a 
function of processing parameters such as a detailed temperature range from ambient to UHT 
treatment, and pH with commercial interest, with acidity ranging approximately from 6 to 3 
for liquid systems. 
 The nature of the molecular interactions may vary from non-covalent to covalent with 
changes in temperature, for instance, from ambient to sterilisation conditions, leading to 
alterations in the bio- and techno-functionality of the end product. The aforementioned work 
should generate a database that elucidates the evolution of the molecular interactions between 
protein and phenolic compounds with changing temperature. Outcomes will be useful for 
predicting and controlling energy barriers and requirements to alter consistency during 
industrial processing of real food applications. 
Besides temperature, product acidity is another important processing parameter that may 
affect the interactions between food proteins and phenolic compounds (Ozdal, Capanoglu, & 
Altay, 2013). To date, the mechanisms of molecular interactions between the above 
constituents in diverse pH conditions, with a focus on immediate industrial exploitation, are 
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not fully understood. For completion, alkaline environments should also be investigated (Le 
Bourvellec & Renard, 2012), since these conditions may induce changes in the phenolic 
composition of dietary fibre following exposure to high temperature, yielding adducts that 
might interact irreversibly with a range of globular proteins. 
Finally, an equally important aspect for product development that should be addressed in 
future studies, in order to improve the understanding of molecular associations among food 
ingredients, is examining the interaction between soy protein and milk protein with or 
without the presence of bioactive microconstituents. Soy protein is highly nutritious and has 
been linked to a reduction in a number of chronic illnesses including cancer and heart disease 
(Messina, 1999; Setchell & Cassidy 1999). However, extensive application of the protein in 
commercial food formulations is very finite because of its off flavour and, instead, it is 
mainly used for animal feed. This undesirable organoleptic feature may be reduced or masked 
by manipulating the associations between milk protein and off flavour precursors from soy 
protein. An extra dimension of this state of affairs will be unveiled in the presence of whole 
grain oat that incorporates phenolic compounds. 
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